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Ni-Ti based shape memory alloys (SMAs) have found widespread use in the
last 70 years but improving their functional stability remains a key quest for more
robust and advanced applications. Named for their ability to retain their shape
via a reversible martensitic phase transformation (PT), they are sensitive to com-
positional variations. Tuning the SMA lattice parameters, transformation temper-
ature and thermal hysteresis (AT) by alloying with ternary and quaternary ele-
ments, therefore, is a challenging materials exploration effort. Combinatorial ma-
terials science streamlines synthesis, characterization and data management pro-
cesses from multiple high-throughput techniques. In this dissertation, composition
spreads of Ni-Ti-X (X = Co, Hf, Pd, V) and Ni-Ti-Cu-Y (where Y = Co, Fe, Pd,
V) thin film libraries were synthesized by magnetron co-sputtering to probe a sub-
stantial composition space with different stoichiometries under identical conditions.

Composition-dependent PT temperature, microstructure and thermal conductivity



were investigated using high-throughput wavelength dispersive spectroscopy (WDS),
temperature-dependent resistance R(T), synchrotron x-ray diffraction (XRD) and
scanning hot probe (SHP) microscopy measurements.

Through case studies of ternary Ni-Ti-Co and quaternary Ni-Ti-Cu-V sys-
tems, I discuss phase determination and how functional properties correlate with
composition and local microstructure using composition-structure-property maps.
In the Ni-Ti-Co library, a new, expanded composition space having PT with small
thermal hysteresis and ¢(Co) >10 at.% was identified. Of the 177 compositions, 31
had stable PT with near-zero AT in four. Elemental range for SMA compositions
was 25.8 at.% < ¢(Ni) < 70.5 at.%, 21.4 at.% < ¢(Ti) < 64.3 at.%, and 5.5 at.%
< ¢(Co) < 26.4 at.%. Crystallographic evidence points to a cubic Pm3m structure
present as single or mixed with hexagonal or orthorhombic structures for all these
compositions.

In the Ni-Ti-Cu-V library, PT was observed in 32 compositions (21.3 at.% <
c(Ni) < 30.9 at.%, 49.4 at.% < ¢(Ti) < 57.5 at.%, 13.8 at.% < ¢(Cu) < 21.6 at.% and
4.1 at.% < ¢(V) < 6.2 at.%), predominantly in the Ti-rich region, with zero or near-
zero AT in five. Increasing V up to 6 at.% stabilized the mixture of transforming
cubic and tetragonal phases. These newly identified composition regions provide
flexibility in and expand the operating temperature window for their application in
different technologies.

Lastly, a novel application of SMAs as phase change materials is briefly inves-

tigated through high-throughput determination of their thermal conductivity using



scanning hot probe microscopy. Binary, ternary and quaternary thin film libraries

of Ni-Ti, Ni-Ti-V and Ni-Ti-Cu-V were evaluated as a benchmarking exercise.
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Chapter 1: Introduction

New and more efficient cooling technologies are needed to reduce building en-
ergy consumption and environmental impact. Residential and commercial buildings
currently account for 70% of the nation’s electricity use and 40% of our COy emis-
sions each year, 5% of which comes directly from air conditioning [14,15]. Moreover,
typical refrigerants used in cooling devices are potent greenhouse gases (GHGs) that
have 1000 to 9000 times the capacity to warm the atmosphere than COs, thereby
contributing to global climate change; their replacement is akin to taking 629 mil-
lion cars off the road [16]. Due to the essential nature of refrigeration and cooling in
modern civilization, research into the development of new cooling technologies based
on caloric materials has risen significantly. A recent report by the US Department
of Energy has recognized elastocaloric cooling (EC), also known as thermoelastic
cooling, as a promising alternative to state-of-the-art vapor compression cooling
system — it has a high temperature change that can be achieved over a wide work-
ing temperature range, and an excellent coefficient of performance (COP, 6.0 vs 3.2

for baseline vapor-compression systems) [17].



1.1 Introduction to Shape Memory Alloys (SMAs)

Solid materials can exhibit caloric effects when a change in the entropy and/or
temperature of a material occurs when subjected to a sudden change in an external
field [18,19]. The EC is an application of the shape memory effect (SME) — also
known as superelastic effect (SE) — and elastocaloric effect (eCE) present in shape
memory alloys (SMAs). The earliest SMA was discovered in 1932 by Arne Olander
while the term, “shape memory” was described by the Vernon brothers in 1941 for
their polymeric dental material [20,21]. SMAs are named as such due to their ability
to return to their original shape after being subjected to an external field. They
are produced by a process of memorization between two phases that are magnetic
field-, electric field-, temperature-, pressure- or mechanical deformation-dependent
and can withstand large transformation stresses and strains [18,19]. The SME and
eCE are a result of a reversible, solid to solid, first order, diffusion-less martensitic
phase transformation (PT) between two phases having three crystal structures — a
high temperature, high symmetry cubic phase called austenite or B2 and low tem-
perature, low symmetry martensitic phase present as twinned or detwinned variants
called B19’ [22]. Shape memory effect is associated with a temperature induced
transformation whereas the superelastic effect only needs to overcome a critical
stress threshold to be induced [18]. The associated crystallographic shearing de-
formation, discussed in Sec. 1.2, has a latent heat associated with it that can be

harnessed for heating and cooling applications [1].



SMAs offer several advantages — the force and displacement per unit volume of
thin film (actuation output) is greater than other microactuation mechanisms, rapid
actuation, a narrow temperature hysteresis which translates to greater transforma-
tion efficiency, corrosion resistance, bio-compatibility, and a cleaner alternative to
GHGs [23,24]. While thermal effects in copper (Cu)-based SMAs were reported as
early as 1980 [25,26], elastocaloric cooling using CuZnAl shape memory alloy was
first proposed by Bonnot in 2008 [27,28]. However, one of the most commercially
relevant SMAs is nitinol — an equiatomic alloy of nickel (Ni) and titanium (Ti). It
was first discovered at the Naval Ordinance Laboratory (NOL) in 1962 by William
Buehler and Frederick Wang who named it NiTiNOL [1,29,30]. With a temperature
change of AT = 20-40 K, nitinol has the largest eCE of all SMAs and is used as
a benchmark material with the following characteristics: high latent heat (20 J/g),
average transitional stress (700 MPa), long fatigue life (>360,000 cycles), and low
hysteresis (1 J/g) for an efficient transformation process to reduce loss [22,31,32]. As
a result, in addition to the development of novel solid-state refrigerants and cooling
systems based on EC [27,33], NiTi based SMAs have found applications in a wide
range of fields — from aerospace [34,35] and automotive [36] to biomedical therapy
in orthodontics and stents [37-47] to even clothing [48].

Efforts are, thus, underway to develop materials having greater property speci-
ficity including reducing the high cost of commercial NiT1i [18]. Overall performance
of SMAs is defined by operating temperature, mechanical work, material /operational
life (structural/functional fatigue) and energy efficiency /dissipation [49]. Two prop-

erties of interest and importance in SMAs as related to this thesis work are transfor-



mation temperature and thermal hysteresis, both of which are expanded on in the
following sections. The thermodynamic parameters and characteristic transforma-
tion temperatures can be altered by variation in both the elements and their propor-
tion in the composition of the alloy [50,51]. Common metallic SMAs are based on
Cu, Fe, and NiTi, of which NiTi-based SMAs were chosen due to commercial avail-
ability, easy synthesis, and relatively low cost of production. Ternary Ni-Ti-X (X =
Co, Hf, Pd, V) and quaternary Ni-Ti-Cu-Y (Y = Co, Fe, Pd, V) were produced by
magnetron co-sputtering and characterized using high throughput techniques. The
third and fourth elements were chosen to reduce the transformation temperature of
the alloy to around room temperature whereas copper (Cu) was used in quaternary
alloys to reduce the critical stress needed to induce transformation [1,52]. More

details to follow.

1.2 Phase Transformation of NiTi SMAs

The two phases an SMA transforms between are essentially made up of three
different crystal structures: high temperature and high symmetry austenite (B2),
low temperature and low symmetry martensite (B19’) in twinned and detwinned
forms, thus giving rise to six possible transformations [1,53]. For the NiTi system,
the following Figure 1.1 illustrates possible crystallographic transformation path-

ways [1,54]:
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Figure 1.1: Crystallographic transformation pathways in NiTi shape memory alloy.
Adapted from [1]

The dotted arrows in Figure 1.1 indicate a possible stopping point at the inter-
mediate structure. Rhombohedral structure is not listed here but also possible.
The two-step transformation through an intermediate phase can be brought on by
thermo-mechanical processing and /or doping with a ternary element [55]. The trans-
formation is classified as a first order one due to the presence of the hysteresis [1]. In
a typical elastocaloric cooling cycle, assuming a SMA is in the austenite phase, the
exothermic austenite to martensite transformation causes a temperature increase
in the material when an applied external stress is beyond a critical transforma-
tion stress (Figures 1.2 and 1.3) [2,3]. Critical temperature parameters associated
with this step are martensitic transformation start temperature M, and martensite
transformation finish temperature M; (Figure 1.3) [3]. This transformative defor-
mation occurs via migration of twin boundaries such that there is growth of some
and shrinking of others. A reverse martensite to austenite transformation process
results in a temperature decrease and shape retention upon removing the stress, go-
ing through austenitic start and finish temperatures, A, and Ay, respectively [1,56].
This deformation-transformation cycle can be repeated reliably for SMAs if material

degradation does not occur. An example of a stress-strain curve for an SMA during



an elastocaloric cooling cycle is given in Figure 1.3. Shape is set by heating to above
Ay temperature so that transformation to austenite is complete. Deformation is also

semi-permanent as deformed material is recovered upon heat treatment.
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Figure 1.2: Crystallographic rearrangement during an elastocaloric cooling cycle.
Adapted from [2].

As the shear deformation during transformation is induced by increasing tem-
perature or applying stress, the Clausius—Clapeyron equation is used to describe the
relationship between influence of temperature and stress on the SMA as follows:

do AS AH*
TS T (1)

where o is the applied uniaxial stress, AH* is transformation enthalpy, AS is

entropy change between the parent phase and martensite per unit volume, € is the
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Figure 1.3: Stress-strain behavior of an SMA during an elastocaloric cooling cycle.
Adapted from [3].

transformation strain, and 7' is temperature [1,57-59]. From Figure 1.3, coefficient

of performance (COP) is defined as:

where W is the mechanical work input and A H is the cooling energy output [3]. The
inverse relationship requires a reduced work input or an increased cooling output

capacity to increase COP.

Transformation and shape memory characteristics of NiTi depend on metal-
lurgical factors of alloying composition, annealing temperature, aging temperature
and time [60]. For example, addition of Cu substituting Ni retains the SME up to
25 at.% such that a 10 at.% substitution results in a two-step martensitic transfor-

mation pathway of cubic (B2) — orthorhombic (B19) — monoclinic (B19’) [61]. In



contrast, only 1.5 at.% of Fe is needed for a two-step transformation, albeit through
a different intermediate phase of rhombohedral structure: cubic (B2) — rhombohe-
dral (R) — monoclinic (B19’) [61]. Variation of Ni content can be used to tune the

transformation temperature and shape memory behavior (Figure 1.4) [1].
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Figure 1.4: Phase diagram of NiTi as adapted from [1]. A metastable phase of TiNi
and TizNiy is highlighted in green which has an important role in improving shape
memory characteristics and tuning transformation temperature.

For Ti-rich compositions, aging treatments can be used to achieve constant
and high transformation temperatures. This is due to the formation of Ti-rich plate
precipitates several atomic layers thick on 100 planes that are the origin of stable
shape memory behavior. Figure 1.4 is a phase diagram for the NiTi system which
provides guidance on the crystallographic phases present at various conditions; some

important phases are as follows: NiTi’s B2 phase in CsCl type ordered structure



of Pm3m space group, cubic NiTi; and TiyNi,O in F'd3m space group, NizTi in
D0»4, NizTis in two phases as a function of temperature — tetragonal I4/mmm at
high temperature and orthorhombic Bbmm at low temperature, and TizNiy in the
R3 space group [1]. These established reports are used to evaluate crystallographic

studies carried out in this dissertation and discussed in chapters 3, 4 and 5.

1.3 Thermal hysteresis

As mentioned previously, the transformation is as a first order transition due
to the hysteresis [1]. Understanding the underlying mechanism of reversibility of the
martensitic phase transformation in SMAs is critical to their practical application.
The area integrated under a stress-strain curve of an SMA is it’s mechanical work
such that lower transformation stresses and/or strains increase its performance [49].
In absence of a mechanical load, however, thermal hysteresis is defined as the energy
dissipated during forward and reverse phase transformation and measured as a dif-
ference in heating and cooling transition temperatures, AT = (A; — M,) [62,63]. A
small hysteresis indicates highly reversible and efficient transformation, low amounts
of damage and low irreversible plastic deformation during the PT process and can
change over many cyclical loadings, thereby, affecting fatigue life [62]. Thermoelastic
martensitic transformation is typically characterized by a hysteresis for energy dissi-
pated in the form of frictional work or elastic strain energy during phase transforma-

tion that negatively impacts SMA efficiency and can be directly measured [64,65].



Therefore, it remains an important consideration when selecting SMAs for targeted
applications — fast actuation necessitates small hysteresis preference where as a large
hysteresis is sought in applications of pipe joining where retaining a predefined shape
within a large temperature range is needed [66]. They can range between ~0 K to

>70 K [3,12,51].

Normally a consequence of nucleation, thermal hysteresis in SMAs arise as a
result of domain-wall pining that occurs due to long range elastic strain accumulating
from defects and thermal activation of phase transitions [62,67-70]. These domain
walls are the site of fully developed austenite/martensite interfaces and an elastic
transition layer that stores interfacial energy. Transformation hysteresis, hence,
is the energy barrier that needs to be overcome during the forward and reverse

transformation.

The size of hysteresis increases with decreasing compatibility between the
austenitic and martensitic interfaces [49,51,62,71,72]. Tt is described by the ge-
ometric non-linear theory of martensite (GNLTM) which provides direction in ma-
nipulating and fine tuning the size of the hysteresis by targeting the martensite and
austenite crystallographic compatibility [12,73-76]. Briefly, AT is governed by the
transformation stretch matrix U such that detU = 1 signifies a no volume change
condition. The transformation matrix is further defined by the ordered eigenvalues
A1, Ao, and A3, where Ay when equal to 1 signifies presence of a perfectly coherent
interface between austenite and martensite. As an example, for a transformation

between cubic austenite of sides a to a martensitic orthorhombic crystal structure
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of sides a, b, and ¢, Ay can be defined as [77]:
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At this interface, the interfacial energy is eliminated reducing the thermal hysteresis.
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Figure 1.5: Influence of Cu content on thermal hysteresis of Niyg_, Ti5gCu,. Adapted

from [4,5].

Zarnetta et al show how the thermal hysteresis of NiTi can depend on the amount

of Cu added to it (Figure 1.5) [4,5,78]. Hysteresis as a function of composition



and lattice parameter for ternary alloys using Cu, Pd, Zr and Hf are reported by
Bucsek et al: Ni-Ti-Cu alloys of compositions NizsTis4Cuyo and NiggTis; Cuyz have
low hysteresis overall. Unaged alloys of Ni-Ti-Pd have lowest hysteresis when A\,
= 1 and through the formation of P-phase precipitates when aged. For Ni-Ti-Hf,
unaged alloys follow theoretical predictions of low hysteresis but not when aged
despite similar Ay values ((0.9337 for unaged, 0.9394 for aged). They are also lower
than Ni-Ti-Zr alloys [49]. For quaternary alloys of Ni-Ti-Cu-Pd, thermal hysteresis
decreased for compositions with Ay = 1, such that the greater preference of Pd than
Cu to occupy Ni sites regardless of concentration increases the sensitivity of AT
to Pd by an order of magnitude [12]. Lastly, small thermal hysteresis and large
latent heat are difficult to obtain as a combined set of desired properties due to a

proportional relationship between them [3,51,79].

1.4 Effect of alloying with third and fourth elements on transforma-

tion temperatures

Efforts have been undertaken recently to improve NiTi SMAs based on specific
applications, to control transformation temperatures for enhancing their reliability
and applicability [1,32,58,80-82]. Ternary and quaternary elements have been added
to NiTi to improve structural stability and functional fatigue life for application in
cooling and heat pumping devices through intermetallic precipitates [49, 83]. Ad-

dition of a third and fourth element to Ni-Ti alloy has also been shown to affect

12



both the transformation temperatures and thermal hysteresis of NiTi. For exam-
ple, adding a third element to manipulate the temperature regime within which
this transformation occurs have been carried out using Zr [84], Pd [51], Pt [85,86],
Ag [87], Hf [88,89] and Au [90] to develop high temperature SMAs [1,71,89]. Re-
duction of transformation temperature was achieved using Fe, Cr, V, Mn and Co
as ternary alloys [89]. Addition of Pd and Hf has also been shown to decrease
and reduce temperature hysteresis, respectively [12,91]. Addition of Cu has also
been shown to reduce the thermal hysteresis but without decreasing transforma-
tion temperature relative to the binary NiTi, thereby leading to enhanced fatigue
properties [92-97]. Addition of both Cu and Co has been shown to reduce the
martensitic and austenitic start temperatures in combination with Ni’s composition
as well as improve the fatigue properties [3]. Intermediate phases of B19 and R
form as they require less strain energy, influencing the energetics of B2 phase when
elastic constants change in ¢y and ¢’ directions [1,98]. Resistance of B2 against
transformation is affected by the change in matrix valence electron concentration
such that the variation in M, is dictated by precipitation in NiTi-based SMAs. A
decrease in M, is correlated with an increase in matrix valence electron concentra-
tion and vice versa; hence, elastic constants of the phase transforming matrix are
important, which are furthermore related to crystal electron concentration [98]. A
summary of the dependence of M, on the concentration of a ternary element added
to NiTi is shown in Figure 1.6 [1]. Certain elements like Zr and Hf increase the M
while others reduce it. I used this as a guide to select Co, Fe, Pd, and V for my

work. It is important to note that the line fits are between few data points meaning
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single compositions were investigated one by one, which is a slow process making it

difficult to accurately determine correlations.

07 ztorm

g rtor 1i —
60 - e
woi Tig(Nig W)~
e e
ok

Ti_ (Ni_ Pt)

404 g Ry

< 0l o oAforTiLQ
: o0 : LA ‘ Tig,(Niy, Pd)
= -804 LA N
0] g Ty

-120 : L .

-140 - O e e

0 ] ‘ ,ﬁ “. -“ ) ‘._ ) ‘.“
-160 4 RS . g_‘Fe for Ni V for Ni " Cofor Ni
1804 CrforNi Mn for Ni
T l T [ Ll l L 'l L]
0 2 4 6 8

x(at%)

Figure 1.6: Change in martensitic start temperature with change in concentration
of a ternary element to NiTi. Adapted from [1].

Fewer studies report on the addition of a fourth element to NiTi SMA with
a varying third element. Following is a summary of some of the quaternary SMA
systems prepared in bulk form found in literature. For Ni-Ti-Fe-Ta and Ni-Ti-
Fe-Nb, the role of Nb and Ta on grain morphology was evaluated. The authors
report an increased yield strength, decreased plasticity, decreased transformation
temperatures, one- and two-step cooling and heating phase transformations, re-
spectively [99]. Influence of Co on Ni-Ti-Nb was investigated to have a reduction

in transformation temperature and lattice parameter, increase in yield strength,
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and a recoverable strain of 7.8% [23]. Thermomechanical processing was employed
to improve super-elasticity in Cu-Al-Mn-Ni [100]. For Ti-Nb-Mo-Sn, tensile and
thermal cycling show stable SME at room temperature with a martensite transfor-
mation temperature at 261 K and a recoverable strain of 4.8% [101]. Impact of
Al addition was studied on the corrosion and electrochemical behavior of Co-Ni-Ga
magnetic SMA [102]. Another Co-Ni-Ga system was studied for the addition of Cr
and reported to increase the phase transformation temperature [103]. In Cu-Al-
Mn-Ti, CuyAlTi precipitates were shown to stabilize stress induced martensite from
CuyAlMn parent structure [104]. Improved fatigue properties were demonstrated
for the bulk quaternary Ni-Ti-Cu-Co alloy when it was cycled through 10 million
stress-strain cycles [3,52]. Quaternary alloys of Ni-Ti-Cu with Cr, Fe, and V were
evaluated for crystallographic compatibility by Jaeger et al who showed correlation
between thermal and mechanical hysteresis with crystallographic fit as well as the
generation of irreversible strains in SMAs [79]. Zarnetta et al optimize synthesis
conditions for near-zero thermal hysteresis in Ni-Ti-Cu-Pd [12]. Finally, supere-
lastic stability of Ni-Ti-Cu-V at low transformation temperatures was tested in a
custom built elastocaloric cooling device [105-107]. This is also a rare instance of
obtaining a large latent heat with small thermal hysteresis for a combined set of

improved properties.

In order to explore a wider range of compositions for shape memory effect and
improved functional properties as well as stability, thin film SMAs are produced as

composition spreads using combinatorial magnetron sputtering. Some systems re-
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ported in literature include the high-throughput characterization and visualization
of large XRD datasets using a novel software which was first demonstrated using
Si-Sn-Co-C [108]. For the Ti-Ni-Cu-Pd system, high-throughput characterization
was used to screen compositions having zero thermal hysteresis and scaled up for
subsequent bulk testing [12,51]). Two crystallographic compatible Ni-Ti-Cu-Co thin
films of specific compositions were studied for stability when subjected to thermal
and superelastic cycling. A small grain size was reported to be critical for limit-
ing defect generation in addition to crystallographic stability [77]. Another study

reports on the decrease in both the M, and latent heat in Ni-Ti-Cu-Co [51].

Despite all these studies, however, there remains a gap in the systematic in-
vestigation of material properties based on composition, especially as very limited
compositions have been investigated. This work seeks to synthesize, characterize,
and systematically investigate the phase transformation behavior in ternary and
quaternary SMA materials libraries for solid state cooling, thermal energy storage,

and shape memory applications.

1.5 Shape memory alloys as phase change materials (PCMs)

NiTi-based SMAs were recently demonstrated as solid state, ultrahigh per-
formance metallic PCMs by harnessing their reversible martensitic transformation
[109]. Latent heat associated with this solid to solid transformation is indicative of

the thermal storage capacity with the figure of merit (FOM) for developing SMA

16



materials suitable for thermal energy storage (TES) applications described by Lu

as:

FOM:pXLXK,HT (14)

where p is density, L is latent heat of transformation and kg7 is the high-temperature-
phase thermal conductivity [110]. T use this information to evaluate the thermal
conductivity of the SMAs I synthesized and thus, their potential for deployment as

thermal energy storage systems in the form of phase change materials.

1.6 Combinatorial materials science for materials discovery and de-

velopment

Thin film libraries allow access to greater composition spreads, which, when
combined with high-throughput analysis techniques, provide the ability to rapidly
screen materials for specific applications [111]. Termed as combinatorial materials
science, it offers a powerful, accelerated approach to discovering new materials by
further coupling with machine learning techniques (Figure 1.7). We can understand
the correlation between physical properties and composition as a systematic evalua-
tion of parameters of interest which can then be manipulated to fine-tune the func-
tionalities of materials through concurrent sample synthesis and high-throughput
experimentation (HTE) [4]. Over the last few decades, it has led to an efficient

exploration and design of functional alloys with targeted properties [112]. Some
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advantages of applying combinatorial studies to thin films in particular instead of

bulk alloys are:

1. Composition spreads spanning entire composition spaces are possible

2. Facilitates easy screening via high-throughput characterization, reducing the

time between alloy discovery and development and eventual deployment

3. Many parameter spaces can also be rapidly explored

4. Thin films offer the advantage of amorphization of alloys, which leads to

smaller grain sizes that are in turn useful for mechanical properties [1]

5. Promising compositions can then be scaled up for bulk studies.

Materials libraries employed in this work consist of hundreds of compositions
within a 3-inch (76.2 mm) silicon (Si) wafer having a concentration and thickness
gradient from concurrent sputter deposition of a given number of elements. Fun-
damental properties of composition and structure are sequentially characterized us-
ing wavelength dispersive spectroscopy (WDS) and synchrotron X-ray diffraction
(XRD), respectively. Automation of property measurement is central to the high-
throughput experimentation methodology along with data analysis and visualization
capabilities. Machine learning techniques of clustering and rapid basis pattern de-
convolution process of non-negative matrix factorization (NMF) were employed to

simplify classification of materials from the large data sets to map and determine
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Figure 1.7: Combinatorial materials science uses high-throughput experimentation
for the discovery and development of new materials. Magnetron co-sputter technique
was used to synthesize thin film libraries on 3-inch substrates which are characterized
rapidly using XRD, XPS, and R(T). The large data sets from these are analyzed
using machine learning which allows the determination of a phase map.

composition-structure-property relationships [113-115]. These are elaborated upon

in chapters 2, 3, 4, and 5.

1.7 Research objectives

The overall goal of this project was to investigate the impact of addition of a
third and fourth element on transformation properties of Ni-Ti and Ni-Ti-Cu- based

alloys towards the design and development of elastocaloric cooling and thermal
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energy management materials. This goal can be divided into the following main

efforts:

1. Fabrication of thin film libraries:

Combinatorial synthesis of high purity ternary and quaternary thin film li-
braries covering a large compositional space using magnetron co-sputtering
system. Libraries of Ni-Ti-X (where X = Co, Hf, Pd, V) and Ni-Ti-Cu-Y

(where Y = Co, Fe, Pd, V) were fabricated.

2. Employ high-throughput characterization techniques to determine:

(a) Chemical composition
(b) Structure
(c) Shape memory effect — determine phase transformation temperatures

(d) Thermal conductivity and latent heat

3. Map composition-structure-property relationships:

To create composition-structure-property maps from the large high-throughput
datasets using machine learning. These will be used to determine relationships
between each category to aid in the adaptive design and development of ma-
terials with targeted properties.

4. Create experimental databases:

Compile and classify the large datasets into an easy-to-access reference database.
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1.8 Dissertation outline

This dissertation explores phase transformation in different shape memory
alloys in thin film form using combinatorial materials science. It began with an
introduction of shape memory alloys in this chapter, a description of the methods
used to synthesize and investigate them in chapter 2, followed by focused descriptions
of findings from specific alloys systems as case studies in chapters 3, 4, and 5. I

conclude with a summary of the highlights and recommendations for future studies.
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Chapter 2: Experimental approach

Experiments were carried out at facilities at the University of Maryland, Col-
lege Park and collaborator institutions of SLAC Stanford National Accelerator Lab-
oratory, Ruhr University Bochum in Germany (RUB), and industry partner, Kratos
Analytical, Inc. Wafer orientation in all experiments was such that the long flat
edge was positioned at the bottom with the first set of 5 sample pads labeled 1
to 5 situated parallel to the edge from left to right (Figure 2.1). This eased and

streamlined data management.

2.1 Thin film synthesis with sputter deposition

Quaternary thin film composition spreads between 150 and 250 nm thick were
deposited on 3-inch (76.2 mm) thermally oxidized (2 pm SiO5) Si wafers (thickness
400 pm, TWS) in vacuum (base pressure: 5 x 1077 Torr, 6.6 x 10~ Pa) magnetron
sputtering system at room temperature. Sputtering rates and deposition time were
controlled to achieve a targeted composition range. High purity (99.98 %) elemental

targets of 1.5-inch (38.1 mm) diameter were sputtered using DC (Seren IPS), RF

22



(Advance Energy) power sources and ultrahigh purity argon (Ar, 99.9997%, Airgas)
deposition pressure of 5 x 1072 Torr (0.67 Pa) (Figure 2.1a, 2.1b). Each wafer
was covered with a patterned Si mask to delineate 177 individual compositions
evenly across the wafer at a Az, Ay of 4.5 mm; an index number map for the
compositions in a library is shown in Figure 2.1c. Substrate was water cooled to
avoid crystallization during sputter deposition and to maintain low temperatures.
Figure 2.2 depicts the different components in a sputtering chamber with the water
lines, target and substrate positions [6]. The resulting films were annealed in vacuum
without atmospheric exposure at two conditions: 500 °C for 1 hr and 700 °C for 15
min with a heating rate of 60 °C/min and +4 °C, as determined to be appropriate
for crystallization of binary NiTi thin films [116]. Deposition rates were determined
for each element used in this work under a given power source for a preset time and
are listed in Appendix Table M.1. Thickness from step height was measured using
atomic force microscopy (AFM, Digital Instruments Dimension 3100 AFM system)
as shown in Figure 2.3. Based on the calibrated deposition rates listed in Appendix
Table M.1 and the density of each element, the required power ratio to achieve a
desired composition was determined and listed in Appendix Tables N.1 — N.4. Total
time for synthesis and annealing a thin film library is 2 hours before it is ready for

characterization.
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Figure 2.1: (a) Schematic courtesy of Dr. T. Gao showing multi-target co-sputtering,
(b) image of sputter deposition in progress, and (c) index number map of thin film
library on a 3-inch wafer with long flat edge at the bottom.
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Figure 2.2: Schematic adapted from [6] showing basic chamber components for
magnetron sputtering.
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Figure 2.3: Film thickness measured by a profilometer or atomic force microscope.
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2.2 High-throughput measurements

Combinatorial materials science is facilitated by the development of rapid and
accurate measurement techniques to characterize large numbers of samples in par-
allel. Automation of these measurements sidesteps the otherwise labor-intensive
and time-consuming task of performing investigations in a serial and manual man-
ner. The following subsections elucidate the experimental details of characterization
techniques used to measure composition, structure and phase transformation prop-
erties with wavelength dispersive spectroscopy, X-ray diffraction, 4-point probe and
scanning hot probe microscopy. High-throughput X-ray photoelectron spectroscopy
(XPS) measurements were performed by Jonathan Counsell at Kratos Analytical
Inc. in the United Kingdom and provide insights on local chemical bonding behav-

ior in the Ni-Ti-Co library. These are presented extensively in Appendix G.
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2.3 Chemical composition from wavelength dispersive spectroscopy

(WDS)

Composition variation in the thin film libraries as well as bulk samples were
determined using wavelength dispersive X-ray spectroscopy (WDS) analysis in an
electron probe microanalyzer (EPMA) JXA 8900R Microprobe, with an acceleration
voltage of 15 kV. Standardization of references was carried out with pure metal
references and compositions were determined to be within an experimental error of
<0.3 at.%. WDS was selected over energy dispersive spectroscopy (EDS) due to
its higher accuracy and precision in quantifying elemental content via better energy

resolution from peak/background ratio [117].
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Figure 2.4: Bragg’s law adapted from [7].
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Figure 2.5: Rowland Circle from [8].

When a filament (thin coiled wire) of tungsten (W) is heated to ~2500 K,

some electrons acquire enough thermal energy to overcome the attractive forces in
the material, resulting in ejection of electrons in the form of a current flowing away
from the material. In an EPMA, these electrons form into a beam, hit the sample,
excite electrons from various energy shells in the sample and form characteristic x-
rays that can be used to distinguish the elements present in a sample. Characteristic
x-rays produced at the sample reach the analyzing crystals which have a well-defined
d-spacing. X-rays that fulfill Bragg’s Law (shown in Figure 2.4) diffract off the
crystal [7,118]. The sample, analyzing crystal, and detector (gas flow proportional
counter) must all lie on a geometrical construction called the Rowland Circle (Figure

2.5). One can alter the diffracted wavelength by moving the analyzing crystal and

detector along the Rowland Circle [8,9].
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Figure 2.6: Gas flow proportional counter from [9].

After characteristic x-rays are produced at the sample and diffract off the
analyzing crystal, they penetrate through a thin window into a gas flow propor-
tional counter (Figure 2.6). The x-rays ionize gas atoms inside the proportional
counter. The wire inside the gas flow proportional counter is positively biased (elec-
trically), while the walls of the gas flow proportional counter are negatively biased
(electrically). Therefore, the positive ions are accelerated towards the wall and the
produced electrons hit the wire, and the current is measured. This current can be

used to determine the counts of each element present [9,119].

2.4 Crystal structure analysis with synchrotron X-ray diffraction (XRD)

Structural information was obtained at room temperature by collecting two-
dimensional XRD patterns on the combinatorial library at beamline 1-5 at Stanford

Synchrotron Radiation Lightsource (SSRL). The experiment was performed with
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14.99 keV energy collimated to ~0.3 mm x 0.3 mm beam size and a wavelength of
0.82657 A (0.82657 x 10'%m). MarCCD detector (Rayonix) was used to collect the
data at an exposure rate of 30 s. Thus, a library of 177 samples could be completely
measured within 2 hours. To minimize influence of diffraction from the silicon
substrate, the library was scanned with a small grazing incidence angle of 1-2°. The
grazing incidence geometry resulted in an approximate 3-mm probe footprint on the
library. An automated algorithm was used to measure the entire library with a step
size of 4.5 mm. For data analysis, the geometric parameters of 2D detector such
as the direct beam position, tilting, rotation and sample to detector distance were
extracted from measuring standard LaBg powder pattern. These parameters were
used to transform initial raw images that were acquired as a function of () and x in
diffraction coordinate into one-dimensional (1D) diffraction patterns by integrating
and normalizing over the x angle. Bragg angle (20) is related to scattering vector
(@) by the relationship:
sinf

Q:4><7r><T (2.1)

with wavelength (\), helping to generate a more traditional 1 dimensional spectrum

of intensity vs. 26.

2.5 Cluster analysis of high-throughput XRD data

An unsupervised machine learning algorithm was used as an exploratory data

analysis tool as well as a phase mapping tool. Hierarchical cluster analysis (HCA)
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was performed using Pearson Correlation Coefficient (PCC) clustering model with
criteria for similarity and dissimilarity between input data, such that data grouped
into a cluster share similar characteristics in comparison with data in other clusters
[120]. An example of a HCA solution in the form of a dendogram is shown in Figure

2.7.
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Figure 2.7: HCA groups patterns based on similarities such that each vertical line
in a dendogram solution represents a cluster of patterns.
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For two spectra x and y having means 7 and 7, the distance metric for similarity
is given by D = % (1- Cyy) where Cy,y is the Pearson correlation coefficient clustering

model defined as [113]:

Ty

n — n — 1 *
i (z —T)2 X0 (v — 9)%)2
Different groupings based on the D values are shown in Figure 2.8. It was applied
to the diffraction patterns using CombiView which is a MATLAB-supported data

visualization platform developed by the Takeuchi group [121].

Cyy =1
D=

A AN

D-1 -J\

Figure 2.8: Distance metric values and corresponding grouping of XRD patterns
from the Pearson Correlation Coefficient [10].

Representative diffraction patterns from the clusters were then analyzed for

peak assignment using Bruker’s DIFFRAC.EVA software versions 3.1, 4.0 and 5.2
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to match peaks from powder diffraction file (pdf) reference patterns from the Inter-

national Centre for Diffraction Data (ICDD) database [122].

2.6 XRD pattern analysis for phase identification

Patterns down selected from unsupervised machine learning were evaluated
using Bruker’s DIFFRAC.EVA versions 3.1, 4.0 and 5.2 software for phase identifi-
cation from peak analysis, in conjunction with the International Center for Diffrac-
tion Data’s (ICDD) data mining software, PDF-2 (Powder Diffraction File) database
[122,123]. The procedure is as follows: a text file is created from the 1D XRD data
for each sample position within a library. The text file is uploaded into EVA v4,
the background is accounted for by adjusting the curvature between 0.020 and 0.048
with a threshold of 0.005 and then selecting only the relevant elements to narrow

the search within the database.

2.7 High-throughput X-ray photoelectron spectroscopy (XPS)

XPS analyses were carried out with a Kratos Axis NOVA spectrometer using a
monochromatic Al K-a source (30 mA, 15 kV). XPS can detect all elements except
hydrogen (H) and helium (He). It probes the surface of the sample to a depth
of 5-7 nm and has detection limits ranging from 0.001 to 0.5 at.% depending on

the element /matrix. The instrument work function was calibrated to give a binding
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energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold and the spectrometer
dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of metallic
copper. Elemental binding energies are listed in Table 2.1. The Kratos charge
neutralizer system was used on all specimens. Survey scan analyses were carried
out with an analysis area of 300 x 700 wum and a pass energy of 160 eV. High
resolution analyses were carried out with an analysis area of 300 x 700 um and a
pass energy of 20 eV. Spectra have been charge-corrected to the main line of the
carbon 1s spectrum (adventitious carbon) set to 285.0 eV (operating conditions:
base pressure 4 x 1071° Torr or 5.3 x 10~® Pa; operating pressure during depth

profiles 2 x 107® Torr or 2.6 x 107° Pa).

Photoelectron Peak Binding Energy (eV)

Ni 2p 853
Co 2p 778
O 1s 530
Ti 2p 455
C 1s 285

Table 2.1: XPS species and associated binding energies.

For quantification, Shirley background subtraction removed the contribution
of inelastically scattered electrons. For chemical state analysis, peaks were fitted
with symmetric Gaussian-Lorentzian components using the ESCApe data system
and were quantified using modified Wagner relative sensitivity factors. Spatial dis-
tribution plots were performed using the ESCApe data system whereby a series of
analysis points can be created either freehand or as a grid. The spectra were ana-
lyzed as grouped data post quantification. A Delaunay triangulation is fitted onto
the acquisition locations [124]. A linearly interpolated color scheme is then applied
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to each triangle based on the vertex values, each of which represents an acquired

atomic concentration value.

Depth profiling was performed using 4 kV monatomic Ar™ ions; ion-beam flux
~5.8 1A with a crater raster area of 2 mm x 2 mm. Selected area spectroscopy (110
pum) was employed to limit the possibility of crater edge effects and ion beam inho-
mogeneities. Typical acquisition times for survey and high-resolution spectra are 1
minute each with 2 hours for depth profiles. Chemical composition determination

from WDS, in contrast, takes 6 hours total.

2.8 Non-negative matrix factorization (NMF) of XPS and XRD data

Non-negative Matrix Factorization (NMF) method was used to automate the
analysis of XRD data. NMF results in basis components which often directly rep-
resent the diffraction spectra of the different crystal structures, while the corre-
sponding weights reflect the abundance of each structural phase at a given compo-
sition [125]. The goal of NMF is to obtain a factorization of the observational data

matrix X combining all measured diffraction spectra as:

X=WH+e¢ (2.3)

Each of the measured spectra is formed by a linear mixing of K unique but

unknown basis components forming the matrix W (Figure 2.9) [11]. The values of H
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correspond to the contribution of each basis component to the spectrum measured
at a given point in composition space. Since both factor matrices W and H are
unknown, and even their size K (i.e., the number of basis components) is unknown,
the problem is under-determined. Nevertheless, NMF can be obtained by minimiz-
ing the Frobenius norm $||X — W x H||% or the Kullback-Leibler (KL) divergence
D(X||W x H) [114,126,127]. Extending NMF to XPS datasets is straightforward,
and all the properties that make it an attractive XRD decomposition tool transfer

to XPS data analysis, confirming experimental analysis.

Non-Negative Matrix Factorization
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el Weights Basis Spectra Residual Error
Spectra

Figure 2.9: Pattern deconvolution using NMF to find basis spectra. Adapted from
[11].

37



2.9 Four-point probe resistance-temperature R(7T) measurements

Film resistance as a function of temperature R(7") was measured to determine
transformation temperature parameters of Ay, Af, My, My, and AT (Ay — M)
as crystal structure changes correspond with measurable electrical changes. Sheet
resistance is independent of sample geometry and was measured using a four-point
probe method described by van der Pauw in a customized high-throughput test
stand (Figure 2.10) with an automated platform of 5 sets of 4-point probes [128-130)].
Spacing between probe tips is 500 pm and test stand is enclosed in a box purged
with nitrogen (N3) gas (Figure 2.11). Measurements were performed between -40

°C and 120 °C with a heating/cooling rate of 5 °C/min and 50 mA source current.
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Figure 2.11: Image showing detail of probe head with 5 sets of 4-point probes.
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The tangent method is used on an R(7T) curve to determine Ay, Ay, M, My,

and AT (Ay — M) as shown in Figure 2.12 [12]:

+A5 — heating
— cooling

30 0 30 60 90 120
Temperature (°C)

Figure 2.12: A typical R(T) curve for an alloy with reversible phase transformation.
The tangent method is shown which is used to determine the temperatures indicating
phase transformation. Adapted from [12].

2.10 Thermal conductivity measurements using scanning hot probe

(SHP)

In this work, I use scanning hot probe (SHP) as an extension of scanning
thermal microscopy (SThM) fitted on the tip of a modified atomic force microscope
probe (Figure 2.13) to characterize thermal conductivity of combinatorial thin films
on a Si substrate [131,132] . It is based on Joule heating of a small filament to
localized heating to a nano- or microscale region. The probe tip used in this work is

comprised of a thin palladium (Pd) filament on a silicon nitride (Si3Ny4) cantilever
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that is Joule-heated, and its electrical resistance is monitored such that the probe
acts both as a heat source as well as a temperature sensor [131-134]. When the probe
is heated far away from a sample, the electrical resistance of the probe changes with
the filament’s temperature coefficient of resistance [13,132]. The probe temperature
decreases when in contact with a sample which can be used to determine the thermal
properties of the sample once the probe tip is properly calibrated. A representative
schematic of the system used for characterization in this work is shown in Figure

2.13.
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Figure 2.13: Schematic of a scanning hot probe. Image courtesy of A. Wilson, ARL.

To accurately characterize thermal conductivity of materials, the scanning
hot probe must be appropriately calibrated. Figure 2.14 depicts the heat transfer

mechanisms away from the probe, which must be accounted for.

To account for probe-to-ambient heat loss (including convective and radiative
losses as well as heat loss to the contacts), a Wheatstone bridge circuit configuration
is utilized with two reference resistors in one leg and the probe and a varistor in

the other leg. The bridge is balanced (such that resistance and current across both
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Figure 2.14: Schematic depicting heat flow from the probe. Image courtesy of A.
Wilson, ARL.

legs are equal) with the probe far from the sample, which effectively sets the “no
heat transferred to sample” resistance at the applied power to the circuit. When
the probe is brought into contact with the sample, some of the heat being generated
by the probe is absorbed by the sample, which reduces the probe’s resistance and
changes the measured voltage difference across the reference and sample legs of the
circuit. Since the difference was zero when the probe was far from the sample,
the change in resistance may be attributable to heat transfer to the sample. Re-
balancing the bridge before each measurement ensured consistent treatment of the

data in our measurements.

The SHP method was carried out using Bruker GLA1 probes with an Ana-
ysis SThM system attached to a Veeco NanoMan atomic force microscope (AFM)
with radiation shielding (Figure 2.15). Environmental conditions of room temper-
ature (RT) and humidity are recorded at the beginning of experiments. After all
equipment was powered on and connected, a small (0.25V) output voltage was ap-
plied to the probe (such that negligible heat was generated by the probe) for a time

ahead of measurement to allow capacitive effects of the power supplies and electrical
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connections to settle. Room temperature and humidity were recorded within the
radiation shield of the AFM, near the sample, and changes in room temperature
were accounted for in the probe’s resistance via the manufacturer’s specified value
of thermal coefficient of resistance (TCR) of 0.003 1/°C [134,135]. When ready for
measurement, the output voltage to the probe was changed to 1.25V (corresponding
to ~1 mA) and with no sample mounted (or the probe lifted far from the sample
where there was no heat transfer to the sample), the Wheatstone bridge circuit was
balanced as described before. Then the probe was brought into contact with the
sample in an area free of dust and debris, and after an initial 500 nm scan size,
on a relatively flat area, the scan size was set to zero, and the probe voltage was
recorded. The probe was then lifted and moved to another spot on the sample and
this process was repeated for two to three data points per sample. This procedure
was used for both the reference samples as well as the combinatorial film samples.

Additional details can be found in Chapter 5.
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Figure 2.15: (a) AFM set up with a radiation shield and scanning hot probe
mounted; (b) z-y movable stage has a 3 inch wafer loaded for measurement.
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A summary of the alloy systems and high-throughput characterization tech-

niques used in this study is shown in Figure 2.16 along with the measured properties.

/ WDS XRD \

Composition Crystal Structure

NiTiX (X = Co, Hf, Pd, V)
l NiTiCuY (Y = Co, Fe, Pd, V)

e
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XPS Resistance(T)
\ Chemical Bonding T rransformation /

Figure 2.16: A summary of SMAs and high-throughput characterization techniques
used in this study along with the measured properties.
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Chapter 3: Phase transformation in Ni-Ti-Co thin film library

Combinatorial synthesis and high-throughput characterization of a Ni-Ti-Co
thin film materials library is reported for exploration of reversible martensitic trans-
formation. The library was prepared by magnetron co-sputtering, annealed in vac-
uum at 500 °C without atmospheric exposure and evaluated for shape memory
behavior as an indicator of transformation. A new, expanded composition space
having phase transformation with low thermal hysteresis and Co >10 at.% is found.
Through cluster analysis of XRD data, I identified and mapped the constituent
structural phases. Composition-structure-property maps for the ternary system are
made to correlate the functional properties to the local microstructure and compo-
sition of the Ni-Ti-Co thin film library. These findings were recently published in

ACS Combinatorial Science [136].

3.1 Introduction

A co-sputtered Ni-Ti-Co thin film library is investigated for SME through the

evaluation of the phase transformation. First reported in 1975 [137], the Ni-Ti-
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Co alloy has since found wide applications: as a component of permanent mag-
nets [138-140], high-entropy alloys [141, 142], shape memory alloys [24], and su-
peralloys [143, 144] along with substantive use in biomedical applications [37-47].
The addition of Co to NiTi has been shown to reduce the M, and A, tempera-
tures in combination with the Ni content; it has also been shown to increase yield
strength [145, 146]. These improvements are sought out in elastocaloric cooling
technology where ambient transition temperatures and small thermal hysteresis are
desired [92]. Until now, investigations on the structural phases, mechanical proper-
ties, elastic properties, and phase transformation behavior that have been reported
for Ni-Ti-Co involved one-by-one bulk preparation that covered a limited compo-
sition space, with addition of Co investigated only up to 10 at.% [47,147-156]. A
more comprehensive study of the ternary system by Zhou et al, to determine the
liquidus surface projection at 1373 K also involved one-by-one bulk preparation of
35 alloys. They evaluate the microstructure and different crystallographic phases
present but do not report on the mechanical or transformation properties of Ni-
Ti-Co [157]. To the best of my knowledge, no systematic investigations of phase
transformation in Ni-Ti-Co alloys, both in bulk and thin-film form that probe a
greater composition space, have been reported thus far. Hence, this study aims to
fill this information gap in identifying composition regions having martensitic phase

transformation, with a focus on small thermal hysteresis.

To quickly identify the compositions that transform in the ambient temper-

ature range, a Ni-Ti-Co composition spread was synthesized using magnetron co-
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sputtering and its composition-structure-property was mapped with high-throughput
characterization. Unsupervised machine learning methods were used to both man-
age the large data sets acquired and analyze them efficiently [113,114]. The com-
position was determined using wavelength dispersive spectroscopy (WDS). I also
evaluated the use of X-ray photoelectron spectroscopy (XPS) as a high-throughput
chemical characterization technique; an automated, typical WDS measurement of a
177-sample library takes about 6 hours whereas total acquisition time for XPS sur-
vey scans for the same sample library requires only half the time. Although surface
effects and corrosion behavior of NiTi-based bulk as well as thin-film systems have
been previously studied with XPS [37,148, 158-160], T report on systematic high-
throughput XPS characterization and an indexed spectral database for Ni-Ti-Co.
Using synchrotron X-ray diffraction (XRD) and high-throughput four-point probe
temperature-dependent resistance R(7T) measurements, I report on the microstruc-
ture, phase diagram, and martensitic transformation behavior of Ni-Ti-Co alloys.
[ also report on phase transformation in compositions beyond Nisq_,Ti50Co, (x =
0 to 10 at.%). Furthermore, I identified a composition space with small thermal
hysteresis (AT) that is promising for higher transformation efficiency and long-term

stability.
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3.2 Experimental results

Figure 3.1 shows a ternary elemental plot of the compositional range covered
in this study. With an z-y scanning table and characterization tools, the library
was spatially analyzed, which offers another way to visualize data. An image of the
materials library and corresponding labeled wafer positions are shown in section 3.5
of the chapter supplementary information (SI) Figure S3.4a and S3.4b, respectively.
Throughout the paper, I will use both methods to facilitate understanding of the

different insights; experimental details are provided at the end.

M r63/mme + Pm3m
Pm3m

. Pm3m + Fm3m
Pm3m + Im3m

I Broad peaks
P63/mmc, Pmam,

o Z Fm3m, Im3m
g o~
&

& 50 20 %,

\e

0 10 20 30 40 50 60
Co (at.%)

Figure 3.1: Ternary plot of Ni, Ti, and Co determined from high-throughput WDS.
Compositions are grouped by color based on results from the Pearson Correlation
Coefficient (PCC) hierarchical clustering model. Compositions grouped inside gray
ellipses were determined to transform through an intermediate structure.
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3.2.1 Characterization of chemical composition

Chemical composition determined from WDS shows elemental concentrations
of 22.8 at.% < ¢(Ni) < 72.8 at.%, 17.6 at.% < ¢(Ti) < 68.2 at.%, and 5.4 at.% <
c(Co) < 33.2 at.%. Distribution of the elements by wafer position is shown in SI Fig-
ure S3.2a-c; these match the configuration of the targets inside the deposition cham-
ber. The center of this library on the wafer has a composition of NiggTis0.1Co137.
Compositions with the highest and lowest Ni content are Nizo Ti156Cog.g and Nig3TiggCog,
highest and lowest Ti are Nig3TiggCog and Nigy 5Ti177Co14.8, and highest and lowest
Co are Nigy 4Ti305Co0331 and Nigs 5Tis9Cos5, respectively. Additionally, I obtained
crystallographic evidence for carbide and oxide phases of Ti. Chemical composition
data from WDS and XPS agree qualitatively for Ni and Ti distributions shown in
Figures S3.5a, b and S3.5d, e. Slight difference observed in the spatial distribution
of Co (Figures S3.5¢ and S3.5f) may be associated to a surface energy effect as XPS
captures chemical activity present in the top 10 nm. In addition to differences in
sampling depths, the variation in Co distribution may also be due to local surface
aggregation of Co for a particular alloy blend. Despite the reduction in measurement
time from XPS, I use WDS compositions going forward due to its higher accuracy
and precision in quantifying elemental content. I do, however, use oxidation state

mapping from XPS to understand crystallographic trends in the following sections.
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3.2.2 Transformation temperature from 4-point probe measurements

Compositions in the library were screened for phase transformation using
a high-throughput four-point probe measurement system as measurable electrical
changes accompany crystal structural changes during phase transformation [129,
161]. T successfully identified compositions with phase transformation and narrow
AT in the ambient temperature range. Film sheet resistance as a function of tem-
perature, R(T), was measured between -40 °C to 120 °C. Austenitic start (A;),
austenitic finish (Ay), martensitic start (M) and martensitic finish (M;) temper-
atures were determined by applying the tangent method to the R(T) curves, as
demonstrated in the inset of Figure 3.2a. The first-order martensitic transformation
is associated with a thermal hysteresis (AT) that reduces the reversibility of the
transformation. This hysteresis is a result of energy dissipation due to frictional
work and plastic accommodation during lattice distortions [54, 67,68, 162]. The
hysteresis width determines the energy loss and inefficiency of the transformation
such that a narrow width favors sustained reversibility [62]. Thermal hysteresis is
determined by the difference between austenitic finish (Ay) and martensitic start

(My) temperatures.

The R(T') curves obtained can be divided into three categories — (1) linear,
non-transforming curves with increasing slopes, (2) non-linear, transforming curves
(Figure 3.2a) and (3) linear, non-transforming curves with decreasing slopes (exam-

ples are highlighted with a black box in SI Figure S3.6). Linear R(T") curves with
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increasing slopes showing no transformation were obtained for most of the library.
Of the 177 compositions measured, 31 were observed to have reversible transfor-
mation behavior and hence, shape memory effect; these are listed by ascending Ni
content in Table 3.1. Composition regions with SME at Co content greater than 10
at.% were identified for the first time. SME was observed in an elemental range for
Ni from 25.8 to 70.5 at.%, Ti from 21.4 to 64.3 at.%, and Co from 5.5 to 26.4 at.%,
respectively. Temperature ranges observed for martensite start, austenite finish and
thermal hysteresis were -25.2 °C < M, < 106.5 °C, -23.2 °C < A; < 140.4 °C, and
0.7 °C < AT < 131.2 °C, respectively. Distribution of thermal hysteresis is shown
in Figure 3.2b. Four compositions with 5.9 at.% < ¢(Co) < 18.3 at.% were observed
to have AT between 0.5 and 2.1 °C with the higher Co composition transforming
at higher temperatures (M, = 106.5 °C, Ay = 107.9 °C). Average Ay and M, tem-
peratures are around 79.6 °C and 14.4 °C, respectively, which are essential for SMA
use in ambient temperatures. Some transformation pathways were incomplete in

the evaluated range as seen from the missing Ms values in Table 3.1.

These results are important as SME has been reported in bulk compositions
of Ti5Niso_,Co, (x = 2, 4, 6, and 8) but not observed for Ti5NigCo19 measured
at liquid nitrogen temperature [40, 151]. Addition of Co preferentially substitutes
Ni up to 14 at.% which has been shown to reduce the M,. Although only a slight
reduction in Mj is observed, our observations are overall in agreement with previous
reports demonstrating addition of Co to reduce A, and M, through substitution of

Ni [146]. Seven compositions were determined to have phase transformation through
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an intermediate structure (dotted, Figure 3.1). These are not listed in the table as
additional nano-characterization measurements and temperature-dependent XRD
are needed to verify these observations. Nonetheless, a two-step transformation has
been previously reported for bulk Ni-Ti-Co and is also well known to occur in NiTi

as well as ternary systems such as TiNiCu, TiNiFe and TiNiMo [61,147,163-166].
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Ni Ti Co| M, A; A;-M,=AT
[at. %] °C]
25.8 635 10.7|-10.3 73.1 83.5
20.1 643 6.6 | -252 -23.2 2.0
291 635 74 | - 83 8.3
208 47.7 225| - 839 83.9
328 61.3 59 | -49 -28 2.1
329 604 6.7 |-150 -14.3 0.7
352 51.2 13.6 | 58.0 95.8 37.9
35.7 524 11.9| - 796 79.6
37.3 363 264 | 08 611 60.3
38.6 383 23.1| 155 794 64.0
39.7 39.7 20.6 | 10.6 109.9 99.3
425 436 13.9| - 729 72.9
453 484 6.3 | -88 959 104.7
464 279 25.7| 20 819 79.9
49.6 440 6.4 | 404 1168 76.4
514 264 222 1.3 786 77.2
53.0 27.5 19.5 | -12.8 785 91.3
540 39.8 6.2 | 228 109.7 86.9
544 40.0 5.7 | 24.8 942 69.4
58.9 35.6 5.5 | 29.7 1404 110.6
59.3 258 14.9| 0.7 958 95.0
59.5 22.2 183 |106.5 107.9 1.5
60.0 31.0 9.0 | 19.3 99.0 79.7
60.7 264 13.0 | -24 1048 107.2
60.7 314 7.9 | 33 1053 102.0
61.8 26.6 11.5| -6.3 1043 110.6
65.3 27.9 6.8 | 73.5 111.0 37.5
67.4 242 84 | 161 104.0 87.8
682 243 7.5 | 52 1077 102.6
68.6 24.7 6.6 | -249 106.2 131.2
705 214 82 | 19.6 695 49.9

Table 3.1: Composition, martensitic start (1), austenitic finish (Af), and ther-
mal hysteresis (AT) determined from R(T) for ternary Ni-Ti-Co SMA library by
ascending Ni content.
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Figure 3.2: (a) R(T) curve for Nizp gTig1.3C05.9 showing near-zero thermal hysteresis.
Inset shows the tangent method to determine phase transformation temperatures
A, Ap, Mg, and My from R(T') curve for NiszTis; 5Co195 alloy showing reversible
phase transformation with large thermal hysteresis. (b) Distribution of thermal
hysteresis AT = Ay — M; in °C as a function of composition. Color scale bar from
blue to red indicates small to large temperature widths.
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3.2.3 Crystal structure and phase determination through cluster anal-

ySis

MATLAB based data visualization platform CombiView allows linking of sam-
ple composition with its XRD and XPS spectral patterns (SI Figure S3.7) and
was used to perform the hierarchical cluster analysis on the XRD data (SI Figure
S3.8) [121]. An initial cluster analysis resulted in 32 groups. Upon refining and
combining cluster groups based on number of low intensity peaks, six groups were
determined consisting of 16 phases (see space group in Table 3.2). Representative
XRD patterns were analyzed using EVA4 XRD software from Bruker and matched
against the International Centre for Diffraction Data (ICDD) database [122]. Re-
sults of the cluster analysis and phase distribution in a ternary composition plot
are shown in SI Figure S3.8b-c and Figure 3.1, respectively. Selected diffraction
patterns representing phases present in the six groups defined by PCC are shown
in Figure 3.3. Crystal structures identified in this alloy library are listed in Table
3.2. Depending on where a composition was in the thermal cycle of the trans-
formation, I expected to identify cubic, monoclinic or orthorhombic structures for
compositions exhibiting phase transformation. Most common crystal type present
was cubic austenite structure Pm3m in the form of NiTi or Cog 15NiggsTi crystal
types and present in a single phase in only two compositions, Nisg 1Tigs3C06¢ and
Nize sTig1.3C059 (positions 163 and 172, light blue cluster in Figure 3.1) — both

of these also had near-zero thermal hysteresis R(7T) curves. The Pm3m phase is
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present predominantly in a mixture with other cubic phases Im3m and F'm3m,
shown as dark green, light green and red groups in Figure 3.1. These were observed
to have linear, non-transforming R(7") curves (SI Figure S3.6). For compositions in
the Ni-rich region, mixed phases of hexagonal (prototype NiyIn) and cubic (proto-
types TiV, CoyNiGa, Cog5NigsTi, and GaTiCos) crystal structures were present,
seen in red in Figure 3.1. Rhombohedral NiyTi and NiyTiz structures were also
identified, and it was noted that NiTi is present in cubic, monoclinic, and hexagonal
forms. For compositions with SME discussed in the previous section, both single
phase and a mixture of cubic with orthorhombic structures were identified as seen
from light and dark blue patterns in Figure 3.3. A mixture of hexagonal NiTi and
cubic (CosNiTiy)g.2 for wafer position 162 (WDS composition Niss ¢ Tig0.4Cog7) also
exhibited transformation with near-zero thermal hysteresis. It is important to note
that this is a qualitative, not quantitative assignment. Similarly, for wafer position
90 (WDS composition Nigp 5Tiy36Co013.9) where a potential two-step transformation
was observed, a mixture of hexagonal Ti(Coy 5Nij 5) and cubic Pm3m, Im3m struc-
tures of the prototypes Cog.s07Gen.123Wo.0m0 and Crgg75Tig 125 were identified. Since
our library explores a composition space not yet reported, these and other proto-
type structures listed in the table provide an understanding of the type of crystal
structures that may be present as I could not match every XRD peak with a listing
in the ICDD. Finally, the gray cluster in Figure 3.1 is defined by a non-crystalline
phase in which broad peaks were observed in the 2-theta (260) range of 40° to 48°
(gray pattern in Figure 3.3) that corresponded with linear, non-transforming R(7T)
curves characterized by decreasing slopes. The cluster forms a phase boundary sepa-
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rating NiTi — NiTiy double phase for compositions rich in Ti (dark blue in SI Figure
S3.8¢), that follows a distribution of Ti** peak observed from XPS mapping (SI Fig-
ure S3.9). Although no clear relationship could be drawn between variation of Ni or
Co content with phase transformation, crystallographic evidence for SME could be
established, in agreement with theoretical and experimental observations reported
in literature [37-39,150,157,165]. These results also build on the challenging work

associated with determining stable intermediate phases [155].

* NiTi or Cog 5NiggsTi

= 110 Im3m
00 Fm3m/Pm3m

0 Fm3m

--27
-9

Nigg 7 Tisg 5C0128

Nis; gTig13C0s5 9

NigggTis75C0139

! Nigz5Tis36C0139

Intensity (a.u.)

Nisg 2Tis0.1C013 7

Nisz g Tiz2 8C013 6

___’-;\___ii?OATi‘IB.SCO‘I‘I 3

48 50 52 54

20 (°)

Figure 3.3: Selected X-ray diffraction patterns (wafer positions 94, 172, 91, 90,
89, 87, and 82 from top to bottom) representing phases present in the six clusters
identified by PCC arranged in ascending Ni content. Patterns are offset for clarity.
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Formula Space Group Space Group Number Prototype
CoNiy) Ti P63/mmc 194 hexagonal
COO.l5Ni0.85) Ti Pm-3m 221
COO.5Ni0.5) Ti Pm-3m 221
CO5NiTi4)0'2 Pm-3m 221
Nio'875COQ.125) Ti Pm-3m 221

tetragonal
I4/mmm 139 Al Cr1.818T10.182)
Al Crl.SlBNbO.léBZ)

Co O Fm-3m 225

Co Ti Pm-3m 221

Coy Ge Ti Fm-3m 225

Co2 Ni Ga

Coy Ni Ti Fm-3m 225 Fe Ni

Mg N12 Sn
C02 T14 O Fd-3m 227
CO3 T13 O Fd-3m 227
orthorhombic
Iba2 45
Cl"o.9585_G(az Sby
Monoclinic
Plm1 6 ]
Fe Ni

Ni Ti P21/m 11 monoclinic

Ni Ti P-3 147 hexagonal

Ni Ti Pm-3m 221

Ni Ti2 Fd-3m 227

NiLOQ Tio.gg Pm-3m 221

Niy Ti R-3m 166 rhombo.h.axes

Niy Tis R-3 148 rhombohedral

tetragonal
I4/m 87 i
N14 A\

Ti 8001.5 Nij 5) P63/mmc 194 Co Mn Sn

Ti Fm-3m 225 Ti Co Ni Sn

Ti Co Pm-3m 221

o Ni 19 T12
F43m 216 gthi Al
i
orthorhombic
Pmam o1
Ti Nio_g CUO.Q
orthorhombic
Pmmn 59 .
Nb Nij

Table 3.2: Crystal structures identified in the Ni-Ti-Co
thin film materials library; the default crystal structure
type is cubic unless specified otherwise under prototype.
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3.3 Discussion

To understand the relationship between composition, structure, and phase
transformation, we can now align the data for material properties of the Ni-Ti-Co
library across the chemical composition space. Phase transformation was observed
in different parts of the composition plot with very little apparent connection to
elemental variation. Of all the cubic space groups, transforming compositions are
comprised of the Pm3m type in single phase or in mixture with F'm3m. While other
compositions have similar crystal structures, they do not undergo transformation;
this may be due to the presence of other crystal types such as non-transforming cubic
and hexagonal phases. It is also difficult to determine exact influence of composition
on the presence of a particular crystal type since these are not single phases. Fur-
thermore, the presence of additional phases may demand greater energy for the SME
phase to transform, thereby increasing the thermal hysteresis width. This is sup-
ported by stable R(T) curves having near zero thermal hysteresis for compositions
Nigg 1 Tigs.3C06.6 and Nigs gTig1.3C059 at positions 163 and 172 with a single crystal
phase of NiTi or Cog 15Nigg5Ti types. Fabricating a materials library having smaller
concentration gradients and centered around the composition space identified to
have narrow hysteresis coupled with temperature-dependent XRD measurements
may better elucidate the crystal phase composition of the transforming samples.
Additionally, while scale-up of these compositions to verify the narrow thermal hys-

teresis in bulk is needed, thin films of Ni-Ti-Cu, Ni-Ti-Cu-Co and Ni-Ti-Cu-V have
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been successfully scaled up and tested over many cycles [3,12,106]. Abrupt changes
in R(T') curves are also observed from one measurement area to the next such that
they have linear and/or non-linear curves characterized by decreasing slopes from
left to right (Figure S3.6). A cluster of XRD patterns reflects a similar distribution
across the wafer and forms a phase boundary separating NiTi — NiTi, double phase
for compositions rich in Ti (SI Figure S3.8¢c). XPS mapping of the Ti'* peak across
the wafer further confirms this observation (SI Figure S3.9). It may be that the
annealing time is not long enough to produce large enough crystallites in this area
of the materials library. Overall, while it is difficult to draw a definitive relationship
between variation of Ni or Co content with phase transformation, I establish crys-
tallographic evidence for SME, in agreement with observations already reported in
literature for other Ni-Ti-Co alloys [37-39, 150, 157,165]. Nonetheless; these results
expand on the challenging work of determining stable intermediate phases reported

previously [155].

3.4 Summary and conclusions

A combinatorial Ni-Ti-Co thin film materials library covering a large compo-
sition space was synthesized using magnetron co-sputtering and annealed at 500
°C for 1 hour in vacuum. Large data sets of composition, transformation temper-
atures, and crystal structure were obtained from high-throughput WDS and XPS,

four-point probe temperature-dependent resistance and synchrotron XRD measure-
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ments that enabled rapid materials characterization and screening. Transformation

temperatures were probed in the -40 °C to 120 °C range to screen for shape mem-

ory alloys that could be used in ambient temperatures applications. By employing

combinatorial synthesis and high-throughput experimentation, I demonstrate the

effectiveness of the methodology in systematically mapping phase transformation

and drawing composition-structure-property relationships. Cross sample position

analysis between and within data sets allowed for greater insights and the following

observations were drawn:

Chemical composition space bounded between 22.8 at.% < ¢(Ni) < 72.8 at.%,
17.6 at.% < ¢(Ti) < 68.2 at.%, and 5.4 at.% < ¢(Co) < 33.2 at.% was syn-

thesized

Phase transformation was observed in compositions beyond the range previ-
ously reported as Nisq_,Ti50Co, (x = 0 to 10 at.%), with Co concentration

between 5 — 26 at.%

A new compositional region having narrow thermal hysteresis (AT between

0.5 and 2 °C) centered around 6 at.% Co in Ti-rich regions was identified

Transforming compositions are composed of mixtures of cubic structures from
Pm3m and Fm3m space groups as well as orthorhombic and hexagonal struc-

tures

Non-transforming compositions were characterized by crystalline mixtures of
multiple cubic Pm3m phases, Pm3m with Fm3m along with Im3m cubic
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phases in addition to non-crystalline phases defined by broad XRD peaks

around 20 = 40°

e Alloys with distinct XRD patterns for a single cubic phase showed near-zero

thermal hysteresis

e Large data sets produced in this work may be used to develop machine learning

models for predictive experimentation

In summary, this study highlights a strategy that can be extended to other alloy

systems and properties to discover new materials with enhanced functionalities.
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3.5 Chapter supplementary information

Figure 3.4: (a) Ni-Ti-Co thin film library having 177 samples on a 3-inch SiO wafer,
(b) z-y coordinates position map (numbering begins at bottom row 1 — 5, left to
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right) with the long flat edge of the wafer positioned at bottom.
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Figure 3.6: Resistance as a function of temperature R(7T) curves for the 177 samples
by wafer position. Examples of the three types of R(T') curves are highlighted in a
black box: (1) linear, non-transforming curves with increasing slopes, (2) non-linear,
transforming curves and (3) linear, non-transforming curves with decreasing slopes.
Heating and cooling are indicated by red and blue colors, respectively. Long flat
edge of wafer is positioned at bottom.
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Figure 3.9: Peak fitted distribution of (a) Ti**, (b) Ti'", and (c) TiNi across the
wafer. High to low distributions are indicated by variation in color from red to blue,
respectively; wafer oriented with long flat edge on bottom.
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Chapter 4: Phase transformation properties of Ni-Ti-Cu-V

In this chapter, a composition spread of Ni-Ti-Cu-V thin-film library was inves-
tigated for phase transformation at ambient temperatures. Of the 177 compositions
in the materials library, 32 were observed to have shape memory effect, of which
five had zero or near-zero thermal hysteresis. These compositions provide flexibility
in the operating temperature regimes that they can be used in. A phase map for
the quaternary system and correlations of functional properties are discussed with

respect to the local microstructure and composition of the thin-film library.

4.1 Introduction

Shape memory alloys (SMAs) of nickel-titanium (Ni-Ti) are functional ma-
terials with thermal (one-way effect, 1-WE) and mechanical (pseudoelasticity, PE)
“memory” [58]. This property has been extensively covered in chapter 1 so I will
review some concepts briefly. A thermal hysteresis AT occurs when there is a differ-
ence in the temperature at which 50% of the material is transformed into martensite

upon cooling and 50% into austenite upon heating, so that AT = Ay — M, [167].
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Transformation temperatures (Ay) range between 0 °C and 100 °C for commer-
cial NiTi alloys with a hysteresis width of 25 °C to 40 °C [168]. Austenitic and
martensitic NiTi structures have cubic B2 and monoclinic B19’ crystal lattices, re-
spectively [1,58,169]. In addition, intermediate structures such as rhombohedral
or trigonal R-phase and B19 facilitate geometric compatibility during transforma-
tion. Phases and crystal lattices present in the Ni-Ti system have been extensively
studied, but undesirable functional and structural properties including the strong
dependence of transformation temperatures on composition and, hence, tight con-
trol of synthesis parameters present a significant challenge in their adoption into
new technology [22,51,170-172]. Nonetheless, Ni-Ti SMAs enjoy widespread ap-
plications ranging from actuators, stents, orthodontics, and sensors to eco-friendly

refrigeration and even fashion [52,173-178].

As mentioned previously, the transformation temperature regime is a criti-
cal parameter in determining the application of SMAs along with their functional
fatigue. The addition of ternary and quaternary alloying elements enables the mod-
ification and fine-tuning of the material transformation temperature for specific ap-
plications [1,51,89]. Using combinatorial materials science, we gain access to many
compounds covering a substantial compositional space with different stoichiometries
under identical conditions. Hence, it enables the rapid discovery and development

of new materials with targeted properties [179].

In this study, I report on new Ni-Ti-Cu-V quaternary thin-film compositions

having near-zero thermal hysteresis, as determined by high-throughput resistance
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measurements. A systematic workflow was adopted for the rapid determination
of composition-structure-property relationships and a composition-phase map for
the quaternary alloy was developed through automated data analysis employing
hierarchical clustering techniques. This work validates theoretical predictions and

builds on experimental efforts in developing new SMAs [12,62].

4.2 Experimental results

In this work, I investigated the influence of composition on structure and
transformation property of quaternary [Nizs—Tiso~Cuiz(100-2) Ve alloys in thin film
form. High-throughput characterization of the composition and crystal structure
was performed using WDS and synchrotron XRD, respectively. Transformation
behavior was characterized using resistance as a function of temperature measure-
ments. Machine learning using a MATLAB-based data visualization platform, Com-
biView, developed in-house was used to sort compositions by diffraction patterns,
and therefore structures, into clusters in order to rapidly identify constituent phases

and determine phase boundaries [121].

4.2.1 Compositional Analysis

Automated WDS measurements were carried out on all 177 samples in the
materials library. Figure 4.1 shows the composition variation across the wafer with

atomic percent ranges for the four elements as follows: Ni from 21.3 to 58.3 at.%, Ti
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from 23.3 to 57.5 at.%, Cu from 12.9 to 24.9 at.%, and vanadium (V) from 2.9 to 6.2
at.%. The targeted composition Ti gNiz75Cuig0Vae was obtained in the center.
Distribution of the elements corresponded with the elemental target gun positions

inside the sputtering chamber.
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Figure 4.1: Elemental distribution of (a) Ni, (b) Ti, (¢) Cu, and (d) V on a 3-inch
Si wafer. The color scale for each element indicates composition in atomic % from
high to low indicated by the progression from red to blue. The wafer was oriented
with the long flat edge at the bottom.

4.2.2 Transformation temperature from R(7') measurements

The property of interest for this library was shape memory effect determined
from phase transformation curves. These were obtained by carrying out temperature-
dependent resistance measurements. Phase transformation temperatures of austenitic
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finish (Ay), and martensitic start (M) temperatures were determined using the tan-
gent method [12]. Phase transformation activity for each composition as a function
of wafer position in the thin film library is shown in Figure 4.2(a). Regions of
transformation indicated by curves shaped as variations of “U” and “2” were ob-
served to be limited to the right side of the wafer. The left-half portion can be
divided into two main regions: The first region encompassed many compositions in
the center of the wafer with non-transforming, linear behavior; the second region
was limited to compositions in the far left showing non-transforming and nonlinear
behavior without clear curves. Positions and compositions clustered by SME activ-
ity are shown in 4.2(b) and 4.2(c), respectively, where there are reversible phase
transformations with non-linear R(T") curves (yellow, teal, pink), non-transforming
regions with linear curves in blue, and non-linear curves in green and red. Phase
transformation parameters of thermal hysteresis (AT = A; — M), austenitic fin-
ish (Ay), and martensitic start (M) temperatures are shown in Figure 4.3. All
compositions with phase transformation behavior are listed in Table 4.1. SME was
observed in 32 compositions with five compositions having zero or near-zero thermal
hysteresis and one composition with a maximum of AT of 17.2 °C. Elemental range
for compositions having SME was observed as follows: Ti = 49.4 to 57.5 at.%, Ni
= 21.3 to 30.9 at.%, Cu = 13.8 to 21.6 at.% and V = 4.1 to 6.2 at.%. The bound-
aries of the temperature regime where transformations to austenite occurred were
observed to be centered around 13 °C to 29 °C while martensitic start temperature
were slightly reduced between 10 °C and 20 °C. Thermal hysteresis of <4 °C was

observed in 19 compositions.

5



"04°1% 7°9 PUR g Woamiaq ST A o1oym jo[d 1T-IN-I) ATeuio) ® uo poyooloid suoryisoduron (o) pue
suonyisod IoJem jo Aarioe YINS Aq Surdnorr) (q) “Aaryoadser ‘SI0[00 onjq pue pol A pajesIpul oIe SoAIND SUI[00d pue Surjea}]
‘soAInd padeys- gz, pue - ), pPrOIQ AQ pojedlpul sk Iajem oy} Jo uorprod JUSLI 81} UO POAISSCO SI UOIJRULIOJSURI) O[(ISIDAY]
"UOTYRULIOJSURI} JO SUOISAI SUImoys & A (200D [einy 2917 -9¢1N]| 10§ soaInd (7)Y eouessisor jyuopuodop-orjerodurd], (B) :g§ oS

“NEEERE

\\H\
N\

-
I

T T )
-

® s 8 % ®

O

T T I I )
R T R R . L I T L B T
LR I R I I O T R I I I I

AVANANANA

@ @ & 8 & @
-
-

76



Cu (at. %)

Cu (at. %)

Cu (at. %)

Figure 4.3: Ni-Ti-Cu-V compositions having SME projected onto Cu-Ni-Ti ternary
plots with atomic concentration of V held constant between 2.9 and 6.2 at.%.
Phase transformation parameters of (a) austenitic finish (A;) temperature (°C),
(b) martensitic start (M) temperature (°C) and (c) thermal hysteresis AT = Ay —
M, in °C. Color scale bars from blue to red indicate high to low temperatures.
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Ti Ni Cu \Y Af Ms Af - MS = AT
[at. %] °C]
57.1 21.3 165 51| 6.4 4.8 1.6
54.2 215 195 49| 13.6 10.0 3.6
57.5 21.5 157 53| 44 24 2.0
57.5 220 148 57| 6.0 6.0 0.0
54.2 221 18.6 5.1 | 148 14.0 0.8
57.1 225 146 58| 1.6 1.2 0.4
51.2 226 21.6 45| 144 12.0 24
56.7 22.8 144 6.0|21.2 104 10.8
55.5 228 16.5 5.2 |13.2 128 0.4
524 23.1 19.7 48212 152 6.0
55.0 235 156 54| 52 3.6 1.6
55.7 239 148 5.6 | 12.0 10.0 2.0
53.0 242 17.8 5.0| 344 2438 9.6
55.8 247 139 5.7 |11.6 9.6 2.0
55.5 248 13.8 59295 17.2 12.3
53.6 250 163 5.1 |21.2 144 6.8
54.3 252 144 6.1 |16.0 16.0 0.0
53.7 25.8 15.2 531|352 18.0 17.2
53.3 25.8 14.7 6.1 | 429 41.9 1.0
52.9 26.3 153 5.5 |26.8 24.0 2.8
54.3 264 13.8 55196 17.6 2.0
52.5 26.7 15.1 5.8 | 18.0 14.0 4.0
52.0 273 146 6.2 | 456 435 2.1
52.5 273 145 5.7 |28.8 164 12.4
51.7 28.0 15.1 5.2 |30.7 204 10.3
52.0 285 14.1 541306 21.7 8.9
52.1 289 15.0 4.1 |40.0 38.0 2.0
51.0 289 144 5.7 |26.5 152 11.3
51.7 28.9 14.0 541|240 18.0 6.0
50.6 294 14.2 58| 30.0 17.5 12.5
50.0 29.7 143 6.0 | 228 16.0 6.8
494 309 155 4.2 |250 24.0 1.0

Table 4.1: Thermal hysteresis, austenitic finish and martensitic start temperatures
for quaternary-Ni-Ti-Cu-V SMAs by ascending Ni content.
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4.2.3 Crystal structure and phase identification

The data visualization platform CombiView allows the linking of sample po-
sition on the wafer with its corresponding composition and diffraction pattern [111,
113,121]. The structural phase diagram was determined through a hierarchical clus-
ter analysis of the diffraction patterns, as shown in Figure 4.4. A Pearson Correlation
Coefficient cluster analysis resulted in six clusters for the Ni-Ti-Cu-V materials li-
brary. Table 4.2 lists the crystal structure and space group of the phases found in the
library. For non-transforming compositions, both linear and non-linear R(7") curves
were observed, which were attributed to double phase and low symmetry crystal
structures. The default structure type is a cubic phase, unless specified otherwise

under prototype.

Formula Space Group Space Group Number Prototype

NiTi Pm3m 221 (Ti(].64ZI'0.36) Ni
Ti NiggCug.o P21/m 11 monoclinic

Cu Ni Ti [4/mmm 139 tetragonal
Nio_25CUO.75 Im3m 229

Ti2Co.06 P63/mmc 194 hexagonal
(CU0.03Ni0.97)3 Ti P63/mmc 194

Ti (Nig]g Cuo.Ql) R-3m 166 rhombo.H.axes
Ti Nigg Cug.a Pmam 51 orthorhombic

Ti (CUO_053 Ni0_947)3 P63/mmc 194
(TiO.67 V0.33) N13 P63/mmc 194
Ti Nip, Cu Pmmn 59

Table 4.2: Overview of crystal structures identified in the Ni-Ti-Cu-V materials
library
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Figure 4.4: Hierarchical cluster analysis of diffraction patterns for a quaternary
thin film library covering range [Nizs—Tiso~Cuia)(100-2) Ve MATLAB based data
visualization platform CombiView allows linking of sample position on wafer with
its composition and diffraction pattern, which is used to perform hierarchical cluster
analysis to create a structural phase diagram. (a) 177 diffraction patterns with an
x-axis of 20 between 22 and 100 degrees. (b) Pearson correlation coefficient cluster
analysis model showing grouping of XRD patterns based on similarities in peak
positions. (c) Composition space covered in this study as projected on a ternary plot
of Cu-Ni-Ti with constant V identifying structural phase boundaries as delineated
from hierarchical clustering shown in (b), and (d) grouping by position on wafer

(long flat edge at bottom).
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4.2.4 Assessment of the thin film phase diagram

Results for the transformation properties and phases identified in the present
study are listed in Table 4.1 and Table 4.2, respectively. Martensitic phase trans-
formation determined from resistance measurement shows that the shape memory
effect is limited to the Ti-rich region. SME variation changes with Ni and V content
such that SME is observed to be between 21.3 and 33.4 at.% Ni and between 4.0
and 6.2 at.% V, respectively. This is in agreement with values reported in bulk by

Frenzel et al [51,106].

Clustering diffraction patterns using Pearson correlation coefficient model match
the grouping of compositions based on the shape memory behavior. Cubic NiTi
with a mixture of cubic Nig95Cug.75 and tetragonal CulNiTi phases were found in
Ti rich regions with the highest V content. The increased replacement of Ni by V
was observed to stabilize the transformable cubic and tetragonal martensite vari-
ants (Figure 4.5). A mix of cubic crystal structure having a prototype formula
(Tig.64Zr0.36)Ni and hexagonal Ti (Cug g53Nig.o47)3 made up the majority of the com-
position space covered in this materials library having no transformation. For Ni
rich regions, orthorhombic phases of TiNiyCu/Ti NiggCups mixed with hexagonal

(Tig.67Vo.33)Nis were identified as Ni content was reduced.

The addition of Cu to binary NiTi such that Cu replaces Ni has been shown
to decrease the misfit between austenite and martensitic lattices. This translates

to a slight decrease in M, and reduced width of the thermal hysteresis, which,
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when combined, improves fatigue properties. The influence of the addition of V
as a ternary element to NiTi was reported by Frenzel et al [51] who demonstrated
a reduction in M. In addition, the mechanical behavior was stabilized so that
a small residual strain was maintained compared with binary NiTi. Addition of
V to NiTi was also shown to improve fatigue and efficiency as well as endurance
limit [180]. Ni-Ti-Cu-V has been demonstrated for application as an elastocaloric
material that is able to fulfill the potential of using Niys5Tis7.95CusVa 75 in ribbon
form [106,107] and NisoTiss.3V47 in a square prismatic form [180]. The identification
of new compositions having reduced thermal hysteresis is a starting point for scale

up experiments to determine their long-term robustness through mechanical testing.
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Figure 4.5: Selected diffraction patterns representing the six clusters identified by
Pearson correlation coefficient clustering model. Substitution of Ni by V increases
with distance from the abscissa, reflecting a shift in the non-transforming orthorhom-

bic and hexagonal phase mixture to transformable cubic and tetragonal crystal
structures. Patterns are offset for clarity.
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4.2.5 Effect of temperature cycling on film resistance

Thermal stability over many cycles is an important consideration in the op-
timization of heat transfer and the determination of functional fatigue, specifically,
when using SMAs for elastocaloric cooling [92]. Film sheet resistance at room tem-
perature (Figure 4.6a) was measured prior to cycling the library between -40 °C
to 120 °C for temperature-dependent resistance measurements. The effect of tem-
perature cycling on film resistance was evaluated since the library was subjected to
84 temperature cycles, and is shown in Figure 4.6b with the difference mapped in
Figure 4.6c. While the shape memory effect was stable, as determined from the ob-
servation of transformation in Figure 4.2a, an overall reduction in sheet resistance
was observed. XRD measurements collected post thermal-cycling show little to no
change in diffraction patterns, thereby suggesting good structural stability (data not

shown).
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4.3 Conclusions

In this work, I report on the combinatorial thin film synthesis and high-
throughput characterization of a quaternary alloy. I provide an overview of the de-
pendence of material properties on composition and structure through composition-
structure-property maps. The Ni-Ti-Cu-V materials library I synthesized spans a
composition region that has shape memory behavior. A strong correlation can be
made between the microstructure and phase transformation property and, hence,
composition. SMA effect is prominent in the Ti-rich region with a significant num-
ber of compositions having near-zero thermal hysteresis. Increasing addition of V
was observed to stabilize the mixture of cubic and tetragonal phases identified in
compositions exhibiting SMA behavior. For non-transforming compositions, both
linear and non-linear R(7") curves were observed which were attributed to double
phase and low symmetry crystal structures. Shape memory effect and thermal hys-
teresis were stable over close to a hundred cycles. This work explored and validated
the use of V as a fourth element in fine tuning the operating temperature of a
Ni-Ti-Cu ternary alloy in the ambient temperature regime for elastocaloric cooling
applications. Work remains to be undertaken to understand the limits of V addition
on the enhancement of efficiency and functional stability of the elastocaloric effect

in NiTi alloys.
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Chapter 5: Mapping ambient thermal conductivity of SMA thin film

libraries

In the previous chapter, compositions in the Ni-Ti-Cu-V materials library hav-
ing near zero thermal hysteresis were identified. In this chapter, combinatorial thin
film systems Ni-Ti, Ni-Ti-V, and Ni-Ti-Cu-V were investigated for thermal energy
storage applications using combinatorial materials science. Composition spread thin
film libraries were prepared using combinatorial magnetron sputtering. The ther-
mal conductivity, resistance, and thickness were determined using high-throughput
characterization techniques. X-ray diffraction results were used to determine phase
diagrams for each system and correlations between composition, phase, and func-

tional properties are discussed.

I report on measuring thermal conductivity for evaluating a novel applica-
tion of SMAs as phase change materials (PCMs) for thermal energy storage and
management with minimal temperature increase of the material. Although latent
heat is an important parameter to measure for shape memory alloys in using them

as refrigerants, it is not a trivial task to obtain for thin films. For compositions
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with promising initial parameters, additional analysis can be carried out to evaluate

additional properties.

5.1 Introduction

Energy drives societal development through economic and technological ad-
vancement [181]. However, the impact of unrelenting use of non-renewable resources
over the last century resulted in accelerated global warming has shifted our focus to
developing sustainable resources to meet electrical and thermal energy conversion
and storage needs. Challenges remain in fully adopting renewable energy sources
due to their intermittent nature with reliance on carbon-based fuels as secondary
sources for round the clock energy supply. Phase change materials (PCMs) for ther-
mal energy storage (TES) present an opportunity to fill this gap in an expansive
technological space ranging from localized thermal management to large scale power

systems [182].

NiTi-based SMAs were recently demonstrated as solid-state, ultrahigh perfor-
mance metallic PCMs by harnessing their martensitic transformation [109]. Phase
change materials are substances that absorb or release energy as they undergo a
change from one physical state to another. This energy is also known as latent heat
and can be used for providing functional heating and cooling [183]. There are dif-
ferent types of PCMs based on the state of matter [182]. Solid-Liquid PCMs have

long filled the role of thermal energy storage media to address intermittency typi-
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cal of renewable energy resources [184,185], and remain the most suitable material
class for this purpose [182]. The solid to solid phase transformations in SMAs also
have an associated latent heat that can be harnessed for PCM applications in ab-
sorption of large amounts of heat from electronic devices or in the field for military
applications. Metallic solid state PCMs offer the advantage of easy integration and
packaging with structural frameworks which are often the challenge to overcome
with solid-liquid and even polymer-based solid-solid PCMs that leak or require en-
hancement of the poor thermal conductivity [182,186-188]. Heat capacity, melting
point, and thermal energy storage density are other important thermophysical prop-
erties for the development of efficient PCMs. Thermal conductivity is also a critical
property for high-power or high-speed charging and discharging applications using
thin-films in microelectromechanical systems (MEMS) such as micro-actuators [189],
pressure, electrochemical, and gas sensors [190-192], micropumps [193] etc. where
nano-structuring and other size effects contribute to significant differences in thin

film properties relative to bulk samples.

5.1.1 Thermal conductivity of NiTi-based bulk materials and thin

films

While thermal conductivity measurements have been reported for bulk binary
and ternary SMAs in thin-film, cylindrical and wire forms (summarized in Table 5.1),

no studies have been found investigating composition spreads in binary, ternary
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Material k (W/mK) Ref
NiTi 18 [199]
NiggTis; 11.5 vs 1.47 (0 vs 68% porosity) [200]
Ni Ti 12.6(£8%)
Ni Ti (100 °C) 15.6(£10%) [201]
NiTE:Ga (Tompiont) 28.9(£5%)
8.6-14
28 (Aust) [196], [194]
14 (Mart)
15.6 28 [196], [202], [195]
33-41 202], [195]
NiTi cylinder 8x8mm? 812
(diameter x length) 13 (Aust) [203]
9 (Mart)
Ti50Nis0—Cu,
(5030 at.%) 14 [204
R 22 (avg.
NisoTiso 55 (BEQ —>) R)
N140Tl5ocu10 5 [61]
N T e 14.5, 18.5 (B19
‘ ' — R, B2 — R)
Thin film NiTi 19 > 5.6 [197]

Thermal properties of thin films can be measured by a variety of electrical,
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Table 5.1: Summary of NiTi-based SMA materials and their thermal conductivity
as reported in literature.

or quaternary SMA systems [109, 194-198]. This report offers the first study of
this kind. Furthermore, this report is also the first to cover high-throughput, non-

destructive measurement of thermal conductivity of SMAs in thin film form.

5.1.2 Thermal conductivity characterization techniques for thin films

reflectance, photoacoustic and optical methods [205-210]. These groups of methods
are classified further based on transient or steady state heating. Transient heating

methods involve measuring a thermal response of a sample material to sinusoidal




heating due to an alternating current or the time response of the sample material to
a heating signal. Time-domain thermoreflectance (TDTR) and frequency-domain
thermoreflectance (FDTR) are two types of transient methods [211-214]. FDTR is
most widely used and is a contactless, optical measurement technique to characterize
thermal conductivity of solids [215,216]. In steady state heating, temperature is
increased by passing a direct current through a metal heater. The corresponding
rise in temperature is measured either by a separate sensor or by the heater itself
being used as a thermometer. Many reports on thermophysical properties of thin
films deposited on substrates have also been investigated using the 3-omega method

[214,217-219].

Scanning thermal microscopy (SThM), in contrast to the other methods of
characterizing thermal conductivity of thin films, is non-destructive, requires mini-
mal sample preparation, and boasts the best spatial resolution of temperature map-
ping techniques [131,132,220,221]. In addition, SThM may offer a fast, quantitative
determination of thermal conductivity of thin films if the probe-to-sample thermal
exchange is appropriately calibrated [13,133,222-226]. SThM may be broken into
two main modes: active mode and passive mode. In active mode (a-SThM), the
probe is self-heated, typically via Joule heating, and the amount of heat going into
the sample is used to determine the sample’s thermal properties [132]. This is also
known as the scanning hot probe (SHP) method. In passive mode (p-SThM), an
external temperature is measured [220]. In both cases, accurate quantitative deter-

mination of thermal exchange parameters between probe and sample (which is key
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to accurate measurement) is a difficult challenge [223,224,227-229]. Recent studies
have investigated conditions under which one can expect an accurate measure of
thermal conductivity via SHP [13,133,225,230-233], and the method has been used
to characterize thermal conductivity of a wide host of thin films and nanostructured
materials [13,132,135,222,225,234-238|. In this report, I use SHP method described
in section 2.10 to characterize thermal conductivity of combinatorial Ni-Ti, Ni-Ti-V

and Ni-Ti-V-Cu films on substrate.

5.2 Theory and probe calibration

As previously mentioned in section 2.10, probe-to-sample thermal exchange
calibration is crucial for accurate measurement of thermal conductivity via SHP.
Several methods have been proposed (which are discussed in detail in a previous
study [225]), and it was determined that owing to its simplicity and ease of use, the
implicit (curve-fitting) method was the best choice for this study. It was determined
that this was an appropriate choice for probe calibration given the expected film
thickness range (200-300 nm) and surface roughness range (<5 nm rms roughness on
all sample areas measured, which was previously determined to be an appropriately
smooth sample for this style of probe [239]). Six smooth (<5 nm rms roughness)
samples of known thermal conductivity were used to calibrate the probe. These
were used in a previous study comparing calibration strategies [225]. As the probe

is brought into contact with the sample, the steady-state change in probe voltage
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(with a consistent output voltage of 1.25V, which corresponds to ~1 mA of current)
is recorded for each reference sample the resulting plot is depicted in Figure 5.1.
More details about the experimental procedure for performing sample measurements

are provided in section 2.10.

The measured probe voltage drop (Vs-Vz) vs thermal conductivity (k.r) is
then curve fitted using a Boltzmann distribution (dashed line in Figure 5.1) taking

the following form:

KS*KO

(Vo —Vg) = Ay + (A1 — A)/(1+e dk ) (5.1)

where Ay, As, ko, and dk are fitting constants and kg is sample thermal conductivity.

Solving for thermal conductivity of unknown samples, we find:

A — Ay

k5:k0+dkxln((VS_VR)_A2—1)

(5.2)

Checking for self-consistency by using the equation to predict thermal conductivity,

we find good agreement with the reference values, as denoted in Table 5.2.
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Figure 5.1: Calibration curve to determine probe voltage drop ( Vs-Vg) as a function
of reference sample thermal conductivity (k..r). [Courtesy of A. Wilson, ARL].

Kogsx Kogsx
Material literature measured Ref
[W/mK] [W/mK]
Polyimide 0.12 0.14 [240]
Quartz 1.1 1.07 [241]

50 nm Al,O3 on Si 8 8.06 [225], [242]
10 nm Al,O3 on Si 12 11.65 [225], [242]
NiTi Ay 39 °C 18 22.00" [243]

Si 146 5.18* [244]
GaN 203 22.00% [245]

Table 5.2: Reference samples used for probe calibration and predicted values from

equation 5.1.

*It was determined that this Si wafer had a 25 nm native oxide layer, which led to a
much lower apparent thermal conductivity in the measurement. It was not included

in the curve fit.

*tAbove 22 W/mK, sensitivity to thermal conductivity is significantly reduced due

to contact thermal resistance.
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5.3 Experimental procedures and results

5.3.1 Synthesis and characterization of combinatorial thin films

Thin films of Ni-Ti, Ni-Ti-V and Ni-Ti-Cu-V were prepared on thermally ox-
idized 3-inch (76.2 mm) Si wafers as described in section 2.1 of sample synthesis
using magnetron co-sputter deposition. Table 5.3 shows the synthesis conditions
for the films reported here and the properties that were measured for them. As
this work was interrupted by the COVID19 lockdown [246], not all measurements
could be made, reflecting the empty or partial indications in the table; technique

acronyms are defined at the beginning of the thesis.
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5.3.2 Thermal conductivity characterization by scanning hot probe

With the probe appropriately calibrated, the 3-inch wafers with composition
gradients (Ni-Ti, Ni-Ti-V, Ni-Ti-Cu-V) were sequentially placed on a movable me-
chanical stage of the AFM. Each patterned square of the NiTi-based composition
wafers was measured sequentially. Equation 5.2 was used to determine thermal con-
ductivity. Figure 5.2 depicts several representative data points determined via the

calibrated curve fit.
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Figure 5.2: Measured data (blue dots) fitted via calibrated curve (dashed black
line), obtained by measurement on reference samples (black squares). [Courtesy of
A. Wilson, ARL].
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5.3.3 Ni-Ti composition spread library

The binary Ni-Ti thin film materials library covered a composition range with
Ni between 19.7 at.% to 68.9 at.% and Ti between 80.3 at.% to 31.1 at.%. Thermal
conductivity was measured for 17 wafer positions shown in Figure 5.3(a), which
ranged between 4.2 to 13.2 W/mK. Figures 5.3(b) and 5.3(c) show the thermal con-
ductivity x by Ni and Ti concentrations where the increasing Ni content reflects in
an increase in k. This follows our expectations of measurements performed at room
temperature where the highest x corresponds with the material in austenitic phase
at RT. These values are comparable (albeit slightly lower) to bulk  of binary NiTi
measured via Xenon flash where the martensite was ~7-10 W/mK and austenite
was around 13-18 W/mK across the temperature range explored (data not shown).
Thus, the x values for binary Ni-Ti composition spread thin film are consistent with

recent bulk measurements.
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Figure 5.3: Thermal conductivity of binary materials library Ni-Ti plotted by (a)

wafer position. Shown for elemental concentrations of (b) Ni and (c) Ti.
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5.3.4 Ni-Ti-V composition spread library

Chemical composition for the ternary Ni-Ti-V thin film library covered a com-
position range with 31.6 at.% < c¢(Ni) < 80.5 at.%, 15.5 at.% < ¢(Ti) < 63.8 at.%
and 1.8 at.% < ¢(V) < 11.0 at.% (Figure 5.4(a)). 16 wafer positions were evaluated
for thermal conductivity, which ranged from 4.5 to 15.9 W/mK, as shown in Figure
5.4(b). From 5.4(b), a wide range of x values are observed at higher Ni content
without any discernable trend. Thermal conductivity as a function of elemental
concentration of Ni, Ti, and V for the sample is shown in Figure 5.5. A high &
around V = 5-6 at.% followed by a decrease with increasing V is observed (Figure
5.5(c)) while no clear trend could be visually identified for Ni and Ti. This change
in k at V = 5-6 at.% raises the question of whether phase transformation or other
material properties are also affected in the same range. Since R(T') measurements
had not yet been performed on this library for an understanding of phase transition
by composition, XRD patterns were evaluated for structural phases as an indirect

investigation of change in phase and transition temperature.

Using PCC hierarchical cluster analysis described previously, the structural
phases present in the library were determined (Figure S5.12). Four main clusters
of patterns were identified, represented in Figure 5.6, consisting of five phases and
an oxide (see space group in Table 5.4). The predominant structure was found
to be cubic of the Pm3m, F'm3m and I'm3m space groups, present in single and

mixed phases. Hexagonal phases of NizTi and (Tig67Vo.33)Niz were also identified.
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Table 5.4 lists all the crystal structures identified in the Ni-Ti-V materials library.
Broad peaks in the 26 range of 38° to 51° (yellow XRD pattern in Figure 5.6) for
a non-crystalline phase were also observed. It is important to note that these are
a qualitative assignment of phases and not quantified over the library. Since R(T)
data was not available on this system, transforming compositions and parameters
could not be identified. However, it is expected that compositions having single
phase Pm3m or mixed with tetragonal or orthorhombic crystal structures are trans-

formable.

Lattice parameters of crystal structures determined for the four XRD patterns
in Figure 5.6 were used to discern the relationship between thermal conductivity
and crystal lattice and is shown in Figure 5.7. As all of the phases are cubic, the
lattice parameter used was the a value from the structures. No clear trend could be

identified.

(@)

10 20 30 40 50 60
V (at. %) V (at. %)

Figure 5.4: (a) Composition range and (b) thermal conductivity as a function of
sample composition for Ni-Ti-V materials library.
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Figure 5.5: Thermal conductivity for the Ni-Ti-V materials library by elemental
concentrations of (a) Ni, (b) Ti, and (c) V.
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Figure 5.6: Representative XRD patterns (wafer positions 109, 136, 175, and 82
top to bottom) from the Ni-Ti-V library arranged in decreasing order of Ni from
the abscissa, reflecting a shift from singly F'm3m phase to a mixture of Im3m with
Pm3m and single phase again of Pm3m. Patterns are offset for clarity.
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Figure 5.7: Thermal conductivity as a function of lattice constant a for the repre-
sentative Ni-Ti-V XRD patterns in Fig. 5.6.
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Space Group

Formula Space Group Number Prototype
(Tl Vgg)o'oz Im3m 229
Cs Im3m 204
(Nng T118)0.04 Fm3m 225
(Tip67 Vo) Nis P63/mmc 194 hexagonal
Cu Ni Ti, Pm3m 221
Ni Im3m 229
Ni Ti Pm3m 221
Nio.15 V0.85 Im3m 229
Ni0_6 V0'4 Fm3m 225
Ni1.02 Tio_gg Pm3m 221
Nis Ti P63/mmc 194 hexagonal
Nig V Fm3m 225
TiV Im3m 229
Ti().05 V0‘95 Pm3m 229
Vig O3 [4/mmm 139 tetragonal
\Y Im3m 229

Table 5.4: Overview of crystal structures identified in the Ni-Ti-V materials library.
Default crystal type under prototype is cubic unless specified otherwise.
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5.3.5 Ni-Ti-Cu-V composition spread library

The composition covered in the library was shown in the previous chapter
as varying across the wafer with atomic percent ranges for the four elements as
follows: Ni from 21.3 to 58.3 at.%, Ti from 23.3 to 57.5 at.%, Cu from 12.9 to 24.9
at.%, and V from 2.9 to 6.2 at.%. Figure 5.8(a) shows the library as a ternary plot
with vanadium held normal to the page as the 4th axis of a 3-dimensional pyramid.
Thermal conductivity was measured for the entire library and it ranged from 0.5
to 18.1 W/mK. x as a function of composition is shown in Figure 5.8(b) also as a
ternary plot holding V on axis normal to the page and in Figure 5.9 as a function of
elemental concentration. A reduction in k with addition of copper was observed as
seen in Figure 5.9(c). Overall, compositional change does not reflect in a significant

r change.

The crystallographic characterization for the library is extensively covered in
the previous chapter. Like the Ni-Ti-V library in the previous section, representa-
tive XRD patterns (Figure 4.5, repeated as 5.10 for convenience) for the Ni-Ti-Cu-V
library were used to obtain lattice parameters and evaluate against thermal conduc-
tivity for any correlations. The phases here were cubic, hexagonal and orthorhombic
but only lattice parameter a from the structures was used to plot against x in Figure

5.11. No clear trend could be identified.
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Figure 5.8: (a) Composition range and (b) thermal conductivity as a function of
sample composition for Ni-Ti-Cu-V materials library projected on a ternary plot
with V content held between 2.9 and 6.1 at.%.
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Figure 5.9: Thermal conductivity for the Ni-Ti-Cu-V materials library by elemental
concentrations (a) Ni, (b) Ti, (¢) Cu and (d) V.
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Figure 5.11: Thermal conductivity as a function of lattice constant for the repre-
sentative Ni-Ti-Cu-V XRD patterns in Fig. 5.10.
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5.4 Discussion

The binary Ni-Ti composition space as well as the impact of addition of ternary
and quaternary elements to NiTi’s thermal properties have not been extensively
studied, especially as thin films. Generally, thermal conductivity of a metal is given

by the sum of the electronic . and lattice xk, terms:

K= Ke+ KL (5.3)

where the electronic term is further defined by Wiedemann-Franz law of:

P _ L (5.4)

where T is temperature, p is dc electrical resistivity, and Lg is the Lorentz number
with a value of Ly = 2.45 x 1078 WQK~2 [61]. Furthermore, the effective thermal
conductivity ks of a thin film is comparable to bulk when its thickness ¢ is greater
than 50 nm [225], from the correlation of thickness to sample thermal resistance Rg

by:
1
Ry =
4Heffb

(5.5)

where b is the thermal exchange radius [225]. It increases when t; <50 as a result
of the increasing influence of the substrate at low thicknesses (where Si substrate

Ko = 150 W/mK) [225,233]. Grain size also plays an important role in influencing
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thermal conductivity such that scattering by the grain boundaries reduces « [247]. In
other words, the smaller the grain size, the greater the control it has in determining
k. Hence, thermal conductivity is highly influenced by not only temperature but

also thickness and grain size.

For all the combinatorial films investigated in this chapter, the film thickness
ranged from an average of 147 nm (£5 nm) for Ni-Ti library to an average of 264
nm (£5 nm) for Ni-Ti-Cu-V (Figure S5.13). It is hypothesized that the grain size in
this size range is likely to be the same or less than the film thickness, thereby, having
significant influence on x. This makes it imperative to have control over grain size

which is, in turn, dependent on processing conditions in addition to composition.

From Figure 5.3 for the Ni-Ti system, the increasing Ni content reflects an
increase in k. As increasing Ni content stabilizes austenite through the TizNiy pre-
cipitate, it follows our expectations of a high x for a material in austenitic phase at
RT. When bulk binary NiTi was measured with Xenon flash, the martensite regis-
tered at ~7-10 W/mK whereas the austenite was between 13-18 W/mK across the
temperature range explored (data not shown); these values are comparable (albeit
slightly lower) to the bulk x. Therefore, the binary NiTi thin film x values are

consistent with recent bulk measurements.

For the case of Ni-Ti-V, a wide range of x values are observed at higher Ni
content without a clear trend. A high x around V = 5-6 at.% followed by a decrease

is observed (Figure 5.5(c)) while no clear trend could be visually identified for Ni
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and Ti. This change in k at V = 5-6 at.% raises the question of whether phase
transformation or other material properties are also affected in the same range.
M, temperature has been reported to decrease with increasing V concentration up
to 6 at.% [51] whereas no change in M occurs due to formation of (Ti,V)Ni +
Vo(Ti,Ni) [98,248]. Measuring resistance as a function of temperature to evaluate
phase transformation in this library, therefore, is an effort to be undertaken in the

near future.

For the Ni-Ti-Cu-V system, an overall relationship between composition and
k is unclear. However, elemental influence on x from Cu is observed (Figure 5.9(c)).
Composition-dependent thermal conductivity of NiTi was reported to reach a max-
imum at stoichiometry (15 W/mK at room temperature) and decrease with devia-
tion from stoichiometry [194,195]. This library was shown to have the transforming
phases of austenite and martensite present. Cu substitution for Ni as size factor is fa-
vorable but TiCu is tetragonal instead of cubic [194]. Larger discrepancy in thermal
conductivity was found at elevated temperatures (for austenite) than for martensite
(kar) [196]. Ingale et al show that the specific heat capacity of NigTi5Cuyo and
Nigg 5 TisoFe; 5 is reduced by two orders of magnitude, despite an increase in the
thermal conductivity by 1.5 factors [61]. The single vs two step transformation are
characterized by change in thermal conductivity due to change in the lattice term
instead of the electronic term k. [61,249]. When investigating dependence of x on
the lattice parameters of this library, a correlation was difficult to observe but may

be visualized differently. Furthermore, for binary AB compounds, the general rule
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proposed has been that a monotonical reduction in thermal conductivity occurs in
constituent A from constituent B with increasing horizontal distance in the period
table such that x[CoTi] > k[NiTi] [202]. Thermal conductivities obtained from we-
belements.com (Anon n.d.) for elements relevant to this chapters are listed in Table
5.5. In principle, k[VTi] < [NiTi]; however, more careful studies are required to

verify this claim in the shape memory thin film systems.

R295K
Element (W /mK]
Ti 21.9
A% 30.7
Ni 91.0
Cu 400
Si 150

Table 5.5: Thermal conductivities of pure metals

Indeed, repeatability is a significant limitation of SHP for determining thermal
conductivity and is a result of changes in contact thermal resistance and thermal
exchange area [132,250]. These changes are a result of a physical alteration of the
tip, change in probe geometry, probe-to-sample distance, pressure between sam-
ple and probe, changes in ambient temperature, humidity or even sample thermal

conductivity [13,132] (SI Figure S5.14).

Efforts planned for the near future to answer important questions that have
come up in the undertaking of this reported work are as follows:understand phase
transformation trends in Ni-Ti-V from R(7T') curves by performing resistance vs
temperature studies using a four-point probe; perform molecular dynamics sim-

ulations to determine the effect of addition of ternary and quaternary elements
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on transition temperature, latent heat, and thermal conductivity of NiTi; verify
increase in k with temperature by mapping thermal conductivity and its evolu-
tion over temperature from higher accuracy frequency domain thermoreflectance
(FDTR(T)); investigate grain structure of Ni-Ti-Cu-V from TEM; investigate grain
structure evolution in Ni-Ti-Cu-V from temperature-dependent transmission elec-
tron microscopy (TEM(T)); and investigate microstructure evolution in Ni-Ti-Cu-V

from temperature-dependent X-ray diffraction (XRD(T))
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5.5 Conclusions

Binary, ternary and quaternary thin film libraries of Ni-Ti, Ni-Ti-V, and Ni-
Ti-Cu-V were evaluated for thermal conductivity using scanning hot probe as a
benchmarking exercise. The probe was calibrated using an implicit method where
reference materials were fitted to an equation used later to determine thermal con-
ductivity of the unknown samples. Although SHP is not a high-throughput mea-
surement technique, it was used to spatially map the entire quaternary Ni-Ti-Cu-V
library. Thermal conductivity was mapped as a function of composition as well
as elemental concentration to determine correlations. Work remains to be done in
accurately determining the thermal conductivity of NiTi-based alloys in thin film

form using high-throughput characterization techniques.
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5.6 Chapter Supplementary Information
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Figure 5.12: Hierarchical cluster analysis of diffraction patterns for the ternary Ni-
Ti-V thin film library. (a) 177 diffraction patterns with an x-axis of 260 between 22
and 75 degrees. (b) Pearson Correlation Coefficient solution showing of grouping of
XRD patterns based on similarities in peak positions. (¢) Composition space covered
in the thin film library grouped by the PCC solution and (d) grouping by position
on wafer (long flat edge on bottom) with representative compositions selected and
major phase identified for it.
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Ni v

Figure 5.13: Line profiles on wafer along which thickness measurements were per-
formed. Arrows on the quaternary show direction of increasing elemental concen-
tration.

Figure 5.14: Probe and sample thermal interaction showing thermal exchange ra-
dius, b, and thermal contact resistance RY as adapted from [13].
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The change in sample properties can be approximated with the following equa-

tion where a large change in temperature may induce microstructural changes:

I’Rt
srspe

where R is thermal contact resistance or R, t is time, p is film density, and c is
specific heat of NiTi film. Taking values of R = 312.9 Q, ¢t = 10s, I = 0.004 A, p

= 6450 kg/m? [251] and ¢ = 840 J/kgK [251], we get an approximate value of 1.2

x 107 K.
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Figure 5.15: Thermal conductivity as a function of elemental content (a) Ni, (b) Ti,
(¢) Vin Ni-Ti, Ni-Ti-V, and Ni-Ti-Cu-V thin film libraries.
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Chapter 6: Conclusions and Outlook

The unique properties of shape memory alloys compared to regular metals
make them highly attractive candidates for many applications. The economic im-
pact of their deployment is immense, evidenced by the number of patents proposed
and awarded, amounting to over 15,700 as of this writing [63,252]. For the in-
tended application in elastocaloric cooling, replacing gas refrigerants having GHG
leak potential with solid-state refrigerants based on NiTi shape memory alloys offers
a sustainable and clean alternative. In the present work, NiTi-based ternary and
quaternary shape memory alloys were investigated using combinatorial materials sci-
ence. Composition spreads covering previously unexplored composition spaces were
prepared with magnetron co-sputtering of pure targets. These were then character-
ized for different properties using automated high-throughput techniques, thereby,
providing large datasets for high resolution analysis and machine learning. New
shape memory alloy compositions were discovered in the Ni-Ti-Co system, having
small thermal hysteresis. Nonetheless, a new compositional region having narrow
thermal hysteresis (AT between 0.5 and 2 °C) centered around 6 at.% Co in Ti-

rich regions was identified. XRD patterns for these compositions had signatures
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for single phases having cubic crystal structures, thus, confirming the theoretical
and experimental studies reported in literature for phase transforming Ni-Ti alloys.
However, no systematic dependence of transformation temperatures on chemical

composition with Co content could be identified.

Similarly, investigation of the the Ni-Ti-Cu-V thin film library showed a new
composition space having near-zero thermal hysteresis, stable over at least 100 tem-
perature cycles. Increasing addition of V was observed to stabilize compositions
exhibiting SMA behavior through the identified mixture of cubic and tetragonal
phases. Martensite start temperature was indeed reduced overall in the library but
it is unclear what the dependency is in a quaternary alloy with elemental concentra-
tion of V. In both the above systems, crystallography was crucial to understanding

and predicting the observance of shape memory effects in a materials library.

Recommendations for future work on NiTi-based SMAs arise from new ques-
tions identified during this dissertation work. It is clear that the compositions hav-
ing optimized thermal hysteresis and phase transformation characteristics need to be
scaled up and evaluated for performance at the system level. It is also clear that only
a small composition space for both the ternary Ni-Ti-Co and quaternary Ni-Ti-Cu-
V was covered, which limits straightforward correlation of properties with chemical
composition. As such, an expanded composition space needs to be evaluated for
better predictions and modeling as well as greater collaboration between theory and
experimentation. Furthermore, only a limited number of processing conditions were

investigated, and additional microstructural studies could provide greater insights
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into material properties. For example, temperature dependent X-ray diffraction
and microscopy may elucidate the two-step transformation processes by following
the evolution of grains and microstructure over a temperature range. Strengthening
NiTi alloys with nanoprecipitates of supercooled austenite in a stiff matrix has been
shown useful to prepare self-healing metallic alloys [253,254]. Studying influence of
size of the particle, matrix composition, temperature and strain of the system on
the martensitic phase transformation of the nanoparticles [253] may also provide
critical additional insights. For thermal conductivity measurements, work remains
to be done in automating characterization with SHP as well as frequency-domain

thermoreflectance.

All together, these efforts should bridge the gap between fundamental studies
of thin films with practical applications of scaled up alloys. Ultimately, combina-
torial materials science has its own limitations based on the large parameter space
we can explore and if our goal is to accelerate the discovery and development and
deployment of materials, an effort in that direction is employing predictive experi-
mentation by applying machine learning methods to the large datasets and automate
trend discovery. This would allow us to predict fruitful experiments, focusing time
and resources on systematic rather than random efforts, hoping for serendipitous
discoveries. Finally, the combinatorial methodology applied in this work could be
extended to material systems and applications beyond shape memory alloys and

applications.
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Appendix A: XRD analysis of Ni-Ti-Hf thin film materials library

Increase in M in Ni-rich Ni-Ti-Hf due to precipitation of NiyTiz [255] but
decrease due to formation of (Ti, Hf)sNi [256]. Transformation temperature and
superelasticity at >100 °C with SME under high stress 500 MPa, therefore, high
temperature SMA. Low ductility, high slope in stress-induced martensite transfor-
mation region. Microstructural engineering via aging, alloying, and processing [257].
Replacement of Ti with Hf up to 30 at.% Hf linearly increases transformation tem-
perature up to 525 °C [257-259]. Ni lean Ni-Ti-Hf have the following disadvantages:
Ni-lean Ni-Ti-Hf alloys have large hysteresis (>50 °C), poor ductility at room tem-
perature, lack of cyclic stability due to the high stress for the reorientation of marten-
site and de-twinning, low strength for slip, poor formability, and low workability.
In equal concentrations, influence of Hf is greater than Au and Pd on the trans-
formation temperatures (TTs) [260-262]. Some common methods to improve the
mechanical and shape memory properties of Ni-Ti-Hf alloys include thermomechan-
ical processing, grain refinement in polycrystalline alloys, solid-solution hardening,

and precipitate hardening [256-259, 262-264].
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In this appendix, the influence of deposition time is evaluated for Ni-Ti-Hf thin

film materials library using high-throughput synchrotron-XRD and WDS studies.

A.1 Chemical composition

Two libraries were prepared at deposition times of 20 and 45 minutes (Table
A.1). The elemental variation for the two libraries are shown in Figure A.1 and
Table A.2. The wafer center of the 20 min and 45 min libraries were Nisg ;1 Ti50.6Hf135.4
and Nigg o Tisg 1 Hf 9.9, respectively. Influence of deposition time on composition was
minimal as can be observed from the chemical composition of the center pads (Table

A.1) and Table A.2.
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Figure A.1: Composition space covered by the Ni-Ti-Hf thin film materials libraries
deposited at two different times of 20 and 45 minutes; showing 354 data points.
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. Measured
Power Deposition .
. Annealing | Center Pad
[W] Time o
Composition
ID # | Sample ID . . . o . Ni-Ti-Hf
Ti | Ni | Hf [min)] [°C] | [min] lat. %]
Ni-Ti- 90 36.1 - 50.6 -
Hf_20min 13.4
Ni-Ti- 100 | 31 | 25 A5 500 60 38.0 — 49.1 -
Hf 45min 12.9

Element Min Max  Range
[at. %] [at. %] [at. %]
Ni-Ti-Hf 20min
Ni 18.2 60.9 42.7
Ti 27.2 T1.7 44.5
Hf 6.4 28.8 22.5
Ni-Ti-Hf 45min
Ni 19.7 65.6 45.9
Ti 25.4 72.0 46.6
Hf 4.3 27.6 23.4

Table A.1: Synthesis conditions for Ni-Ti-Hf thin film libraries at two deposition

Table A.2: Elemental variation within the Ni-Ti-Hf thin film libraries.
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A.2  Crystal structure and phase identification

Influence of deposition time on crystal structure is also minimal. All 354
compositions could be clustered into four main groups, most of which had broad
amorphous peaks shifted by a few degrees (Figure A.2). Crystal phases identified in
both the libraries are listed in Table A.3. Representative XRD patterns with peaks

identified for crystal phases are plotted in Figure A.3.

Space Group

Trivial Name Space Group Prototype

Number
HifNi, Fd3m 227 cubic
HfNis R-3m 166 rhombo.h.axes
HfTi P63/mmc 194 hexagonal
NiHf, [4/mem 140 tetragonal
NiTi Pmcm 51 orthorhombic
NiTi Pm3m 221 cubic
NiTi P-3 147 hexagonal
Ti P63/mmc 194 hexagonal
TioNi Fd3m 227 cubic
TiC, Pm3m 221 cubic
TiO 25 I4/m 87 tetragonal

Table A.3: Overview of crystal structures identified in the Ni-Ti-Hf materials li-
braries deposited at two different times.
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Figure A.2: (a) Dendogram showing hierarchical clustering of XRD patterns for
the Ni-Ti-Hf materials library (b) grouped by compositions with (c) representative
positions selected.
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phases present in the Ni-Ti-Hf materials libraries deposited at 20 and 45 minutes.

Patterns are arranged by ascending Hf content and offset for clarity.
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Appendix B:  XRD analysis of Ni-Ti-Pd thin film materials library

B.1 Chemical composition

Chemical composition was evaluated for two of the four libraries prepared
for the ternary Ni-Ti-Pd. Table B.1 lists the conditions under which these were
prepared. Table B.2 lists the elemental variation in the films deposited for 40 and

65 minutes.
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Min Max  Range

Element i o] [at. %] [at. %]

Ni-Ti-Pd_40min

Ni 18.1 56.2 38.1

Ti 17.3 59.0 41.7

Pd 14.9 51.8 36.9
Ni-Ti-Pd_65 min

Ni 15.5 54.6 39.1

Ti 23.7 68.3 44.6

Pd 10.8 42.3 31.5

Table B.2: Elemental variation in the Ni-Ti-Pd thin film material library.
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Figure B.2: Composition range of Ni-Ti-Pd materials library deposited for 65 min.

B.2 Crystal structure and phase identification

Tables B.3 and B.4 list the crystal structures present in the 30 min un-annealed
library and those deposited at different deposition times but annealed at 500 °C for
1 hr. For the library that was not annealed, only cubic F'm3m structures were

found.
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Trivial Name Space Group Space Group Number Prototype

Nio_gQPdo_os Fm3m 225 cubic
(N123T12)016 Fm3m 225
(NigaTizs)o.04 Fm3m 225
(NigTi)o4 Fm3m 225
Ni Fm3m 225

Table B.3: Overview of crystal structures identified in the as-is Ni-Ti-Pd materials
library (without heat treatment).

Trivial Name Space Group Space Group Number Prototype

Nig g2Pdg.08 Fm3m 225
(NigaTi18)0.04 Fm3m 225
PdOQTlog Im3m 229
Pd09N101 Fm3m 225
Ni Im3m 229
Nig 52Pdg.as Fm3m 225
NizTi P63/mmc 194 hexagonal
NiTi Pm3m 221
PdsTi Pm3m 221
PdsTis Amma 63 orthorhombic
Ti; 0oNig53Pdg 45 Pmmb 51 orthorhombic

Table B.4: Overview of crystal structures identified in the heat-treated Ni-Ti-Pd
materials libraries deposited at three different times; the default crystal structure
type is cubic unless specified otherwise under prototype.
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Appendix C:  XRD analysis of Ni-Ti-V thin film materials library

Advantages of adding V with its low melting point and specific gravity [265]
to NiTi facilitates large energy absorption during cyclic tensile testing and high
critical transformation stress [266]. Change in M is due to change in electron con-
centration of the matrix which occurs due to precipitation [98]. M temperature
decreases with increasing V concentration up to 6 at.% [51]. No change in M, due
to formation of (Ti,V)Ni + Vo(Ti,Ni) [98,248]. Higher concentrations of V exhibit
broad transformation peaks due to a constrained B19’—B2 transformation of NiTi
through presence of more plastically deformed V nanowires [265,267,268]. Diame-
ter of V nanowires in NizgTis7; Va5 reduces upon cold working [269]. Transformation
temperature range is broader for NiynTi3; Vo9 compared to alloys with lower V con-
tent [269]. Increase in grain size due to annealing at higher temperature increased
the critical transformation stress [265,270] . Effect of annealing temperature on two-
step transformations (B2 <»R<«>B19) for alloys annealed at 450 °C vs 500 °C [265].
V content 1 to 5 at.% in addition to heat treatments at 873, 973, 1073, 1173 K are
shown with differential scanning calorimetry and XRD studies to increase electrical

resistivity of alloy with increasing V content and heat treatment temperature [271].
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Power Deposition Measured
pe Annealing | Center Pad
[W] Time "
Composition
ID # | Sample ID . . . 0 . Ni-Ti-V
Ti | Ni|V [min] [°C] | [min] lat. %]
Ni-Ti- 58.1 — 36.6 —
V A7min 100 | 65 | 20 47 500 60 53

Table C.1: Synthesis conditions for Ni-Ti-V thin film libraries at two deposition
times.

Min Max  Range

Element ¢ "ot [at. %] [at. %)
Ni-Ti-V_20 min
Ni 30.7 81.5 50.7
Ti 15.3 65.6 50.3
\Y% 1.8 14.2 12.4

Table C.2: Elemental variation within the Ni-Ti-V thin film library.

C.1 Chemical composition

See section 5.3.4 in chapter 5

C.2 Crystal structure and phase identification

See section 5.3.4 in chapter 5.

132



‘suoryisod Toyem £q (o) pue suoryisodurod
Aq parsno (q) Arerqry s[erjem A-1T-IN 93 10] swojjed (TYYX JO SULIDISN[O [RIIYDIRISIY SUIMOYS WRISOPUa(] (B) :T°) 9IS

() (@ ()
e oz o 0 0 0z 0
T T T YTt AT i P sttt T s nasnang O
{oe- A 1 :
* 1o
hl {oz- L
oo 120
. s 0.
- - - - C—-
dg0
s s o
0
dvo
{ou
50
{oz
90
{oe
Jzo

133



Appendix D: XRD analysis of Ni-Ti-Cu-Fe thin film materials li-

brary

D.1 Chemical composition

Two films were made under conditions listed in Table D.1 for an elemental

range listed in Table D.2.
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Min Max  Range
[at. %] [at. %] [at. %]
Ni-Ti-Cu-Fe — 500 °C

Element

Ni 17.8 58.8 41.0
Ti 31.3 73.0 41.7
Cu 4.9 12.2 7.3
Fe 1.7 9.5 7.8

Table D.2: Elemental variation in the Ni-Ti-Cu-Fe thin film materials library.
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D.2 Crystal structure and phase identification

Table D.3 lists the crystal structures present in the two Ni-Ti-Cu-Fe libraries

annealed at 500 °C for 1 hr.

Space Group

Trivial Name  Space Group Prototype

Number

(Cup.3 Nigg7)s Ti P63/mmc 194 hexagonal

(Feos Nips) Ti Pm-3m 9291
Cu Ni Ti [4/mmm 139 tetragonal

Fe Im-3m 229

Fe Ni P 0

Fe Ti Pm-3m 221
Ni Ti P31m 157 hexagonal

Ni Ti Pm-3m 221
Ni Ti P21/m 11 monoclinic

Nil.og Tio_gg Pm-3m 221
Nis Ti P63/mmc 194 hexagonal
Pm-3m 291 Nis 04 Sio o6

Tiy Cu Fd-3m 227

Table D.3: Overview of crystal structures identified in the Ni-Ti-Cu-Fe materials
library annealed at 500 °C for 1 hr; the default crystal structure type is cubic unless
specified otherwise under prototype.
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Figure D.1: (a) Dendogram showing hierarchical clustering of XRD patterns for the
Ni-Ti-Cu-Fe materials library and (b) 2-dimensional depiction of the corresponding
grouping of compositions in the quaternary space.
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Appendix E:  XRD analysis of Ni-Ti-Cu-Co thin film materials li-

brary

Impact of gran size in NigysTi508Cu125C095 thin film samples was recently
shown to have a strong asymmetry in stability between thermally and stress in-
duced transformation such that only the fine grain sized film was found to be stable
for both. The different grain sizes were prepared via multilayer sputter system and
annealed at two different temperatures — 500 °C and 700 °C for 15 min and charac-
terized for their transformation behavior [77] . Compositions of Ni-Ti-Cu-Co have
also been shown to have negligible fatigue and an improved material coefficient of
performance of 15 [3,272]. This section explores the effect of two annealing tem-
peratures on Ni-Ti-Cu-Co composition spreads rather than a single composition.
Complete sets of high-throughput composition and structure data were used to map
structural changes and understand if precipitate hardening to strengthen NiTi thin
films can be achieved by annealing them at elevated temperatures. Table E.1 lists
the synthesis conditions for the two systems discussed in this section. Aging has
been shown to change the martensitic transformation temperatures of NiTi-based

alloys [84, 98,248, 255, 256, 273-287).
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E.1 Chemical composition

Automated WDS measurements were carried out on all 354 samples in the two
material libraries. Elemental distributions across the wafer and quaternary compo-
sition maps are not shown here. However, Table E.1 lists chemical compositions for
the center sample pad where the targeted composition is likely to be present. Table
E.2 lists the elemental range present in the libraries with little variation between

them which simplifies comparison.
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Min Max  Range
[at. %] [at. %] [at. %]
Ni-Ti-Cu-Co — 500 °C

Element

Ni 19.8 55.7 35.9
Ti 26.8 64.1 37.3
Cu 9.5 19.8 10.3
Co 2.5 13.0 10.5
Ni-Ti-Cu-Co — 700 °C
Ni 19.3 95.3 36.0
Ti 27.1 63.6 36.5
Cu 9.8 21.0 11.2
Co 2.3 13.4 11.1

Table E.2: Elemental variation within the thin film libraries.
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E.2 Crystal structure and phase identification

Like the material libraries before, CombiView was used to perform a Pearson
Correlation Coefficient hierarchical cluster analysis of the diffraction patterns. Six
and five clusters were determined for the Ni-Ti-Cu-Co libraries at 500 and 700 °C,
respectively (Figure E.1 and E.2). Tables E.3, E.4 and E.5 list the crystal structure
and space group of all the phases identified in the two libraries, plotted in Figures E.3
and E.4, respectively. The default structure type is a cubic phase unless specified
otherwise under prototype. At least five crystal structures are common to both
the NiTiCu-V and NiTiCu-Co systems: CuNiTi, NiTi, Ti(Cuggs3 Nig.o47)3, and Ti

NigoCugo in orthorhombic and monoclinic arrangements.
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Space Group

Trivial Name Space Group Number Prototype
(Cogs Nigs) Ti Pm-3m 221
<C00.75 N1075) T115 Fd-3m 227
(Cu Ni) Ti [4/mmm 139 tetragonal
(Ni0.875 000_125) Ti Pm-3m 221
000.15 Nio'&r, Ti Pm-3m 221
Cu Ni Ti, Pm-3m 221
Ni P63/mmc 194 hexagonal
Ni Ti Pm-3m 221
NiLOQ Tio_gg Pm-3m 221
Ti Co Pm-3m 221
Ti Nios Cugs Pmam 51 orthorhombic

Table E.3: Overview of crystal structures identified in the Ni-Ti-Cu-Co materials
libraries annealed at 500 °C for 1 hr; the default crystal structure type is cubic
unless specified otherwise under prototype.

Space Group

Trivial Name Space Group Number Prototype
(Cu19 Ni)o.g Fm-3m 225
Co Ti2 Fd-3m 227
CO().52 CUO.48 Fm-3m 225
P63/mmc 194 CUO.5 Ge2 Nig,g,
Cu0.81 NiO.lQ Fm-3m 225
Pm-3n 223 M03 N10.24 Siojﬁ
Ni Fm-3m 225
Ni Ti Pm-3m 221
Ni Ti, Fd-3m 227
NiO.E) Cu0,5 Im-3m 229
Ni3 Ti P63/mmc 194 hexagonal
Ti (Coy5 Niy5) P63/mmc 194 hexagonal
Ti (Cug 53 Nig.oar)s P63/mmc 194 hexagonal
Ti Nigg Cug.a Pmam 51 orthorhombic
Ti Nigg Cug.e P21/m 11 monoclinic

Table E.4: Overview of crystal structures identified in the Ni-Ti-Cu-Co materials
libraries annealed at 700 °C for 15 min; the default crystal structure type is cubic
unless specified otherwise under prototype.
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Space Group

Formula Space Group Number Prototype
(Cogs Nigs) Ti Pm-3m 221
(000.75 Ni0'75) Tilh5 Fd-3m 227

Cu Ni Ti [4/mmm 139 tetragonal
(Culg Ni)o'g Fm-3m 225
(Ni0‘875 COO'125) Ti Pm-3m 221
Co Ti, Fd-3m 227
000.15 Nio.85 Ti Pm-3m 221
COO.52 CUO.48 Fm-3m 225
Cu Ni Ti, Pm-3m 221
Cu0.81 NiO.lQ Fm-3m 225

Pm—3n 223 M03 NiO.24 Si0.76
Ni Fm-3m 225
Ni P63/mm 194 CUO.5 Ge2 N12_5

Ni Ti Pm-3m 221
Ni Ti, Fd-3m 227
NiO.5 Cu0'5 Im-3m 229
Nil.og Tiglgg Pm-3m 221

Niz Ti P63/mmc 194 hexagonal

Ti (Coy5 Niy5) P63/mmc 194 hexagonal

Ti (Cugps3 Nig.oar)s P63/mmc 194 hexagonal
Ti Co Pm-3m 221

Ti Nigg Cuga P21/m 11 monoclinic

Ti Nigg Cug.a Pmam 51 orthorhombic

Table E.5: Overview of all crystal structures identified in the Ni-Ti-Cu-Co materials
libraries; the default crystal structure type is cubic unless specified otherwise under
prototype.
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Figure E.1: (a) Dendogram showing hierarchical clustering of XRD patterns for the
Ni-Ti-Cu-Co materials library annealed at 500 °C for 1 hr and (b) 2-dimensional
depiction of the corresponding grouping of compositions in the quaternary space.
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Figure E.2: (a) Dendogram showing hierarchical clustering of XRD patterns for the
Ni-Ti-Cu-Co materials library annealed at 700 °C for 15 min and (b) 2-dimensional
depiction of the corresponding grouping of compositions in the quaternary space.
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phases present in the Ni-Ti-Cu-Co materials library annealed at 500 °C for 60 min.

Patterns are arranged by ascending Co content and offset for clarity.
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Figure E.4: Selected X-ray diffraction patterns (wafer positions 164, 126, 78, 26, and
3) identified from PCC representing phases present in the Ni-Ti-Cu-Co materials
library annealed at 700 °C for 15 min. Patterns are arranged by ascending Co
content and offset for clarity.
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Figure E.5: Plot of measured heat capacity as a function of temperature in
Nisg.3Ti46.1Cur1.9Cos.7 at.% thin film. The peak indicates occurrence of phase trans-
formation.
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Appendix F: XRD analysis of Ni-Ti-Cu-Pd thin film materials li-

brary

F.1 Chemical composition

Automated WDS measurements were carried out on all the samples in the two
materials libraries. Elemental distributions across the wafer and quaternary compo-
sition maps are not shown here. Nonetheless, Table F.1 lists chemical compositions
for the center sample pad where the targeted composition is likely to be present. Ta-
ble F.2 lists the elemental range present in the libraries with little variation between

them which simplifies comparison.
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Min Max  Range
[at. %] [at. %] [at. %]
Ni-Ti-Cu-Pd — 500 °C

Element

Ni 16.7 04.7 38.0
Ti 27.8 66.2 38.4
Cu 9.2 23.5 14.3
Pd 2.0 9.8 7.8
Ni-Ti-Cu-Pd - 700 °C
Ni 17.2 51.6 34.4
Ti 29.2 64.3 35.1
Cu 11.3 23.2 11.9
Pd 2.1 10.5 8.4

Table F.2: Elemental variation within the Ni-Ti-Cu-Pd thin film libraries.

F.2 Crystal structure and phase identification

Tables F.3 and F .4 list the crystal structures present in the two Ni-Ti-Cu-Pd

libraries annealed at differed temperatures.
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Space Group

Trivial Name  Space Group Number Prototype
(Cug.03 Nigg7)s Ti P63/mmc 194 hexagonal
CUO.923 Ti0.077 Fm3m 225
(Cu Ni) Ti [4/mmm 139 tetragonal
(Cu Ni Pd)0_333 Fm3m 225 Cu de Ni Pd
Cus Tiy P4/nmm 129 tetragonal
Cuy Tig [4/mmm 139 tetragonal
Cu Ni Ti [4/mmm 139 tetragonal
Nio‘52 Pd0.4g Fm3m 225
Nil'og Tio.gg Pm3m 221
Nis Ti P63/mmc 194 hexagonal
Ni Ti, Fd3m 227
Pd; Ti Pm3m 221

Table F.3: Overview of crystal structures identified in the Ni-Ti-Cu-Pd libraries
annealed at 500 °C for 1 hr. Default structure is cubic unless specified otherwise.

Space Group

Trivial Name  Space Group Prototype

Number
(Cup3Nig.o7)s Ti P63/mmc 194 hexagonal
(Cu Ni) Ti [4/mmm 139 tetragonal
CU0.035N10.565Ti0.40 P4/nmm 129 tetragonal
Cugg Pos Pm3m 221
Cu Ni Ti [4/mmm 139 tetragonal
Cu Ni Ti, Pm3m 221
Cu Pd Fm3m 225
Nig.95 Cug.75 Im3m 229
Nil‘og Tio_gg Pm3m 221
Ni Tig Fd3m 227
Pd Cu Pm3m 221

Table F.4: Overview of crystal structures identified in the Ni-Ti-Cu-Pd library an-
nealed at 700 °C for 15 min. Default structure is cubic unless specified otherwise.
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Figure F.1: (a) Dendogram showing hierarchical clustering of XRD patterns for the
Ni-Ti-Cu-Pd materials library annealed at 500 °C for 1 hr and (b) 2-dimensional
depiction of the corresponding grouping of compositions in the quaternary space.
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Figure F.2: (a) Dendogram showing hierarchical clustering of XRD patterns for the
Ni-Ti-Cu-Pd materials library annealed at 700 °C for 15 min and (b) 2-dimensional
depiction of the corresponding grouping of compositions in the quaternary space.
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Figure F.3: Selected X-ray diffraction patterns identified from PCC representing
phases present in the Ni-Ti-Cu-Pd materials library annealed at 500 °C for 60 min.

Patterns are arranged by ascending Pd content and offset for clarity.
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Figure F.4: Selected X-ray diffraction patterns identified from PCC (wafer positions
96, 91, 86 and 25) representing phases present in the Ni-Ti-Cu-Pd materials library

annealed at 700 °C for 15 min. Patterns are arranged by ascending Pd content and

offset for clarity.
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Appendix G: Chemical bonding in Ni-Ti-Co from XPS

These results were recently published in Journal of Vacuum Science and Tech-

nology A [288].

High resolution spectra were acquired across the materials library for the main
2p elemental lines for the principle metals. A spectral stack of the Ti 2p lines is
shown in Figure G.1(a). Differences in spectral form were observed between positions
on the wafer indicating differences in the chemical environment and composition of
Ti — Figure G.1(b) and G.1(c) show the stark difference between points 153 and
152, respectively. Chemical-state peak fitting indicates the presence of Ti in at least
four different chemical states: +4, typically bound to oxygen in the form of titania;
+3 a reduced oxide TiOy_,; Ti carbide and metallic Ti [289,290] . Distribution of
Ti** follows the phase boundary found in XRD and the non-linear decreasing slope
R(T) curves. The starkest chemical state difference between the two locations is
the carbide content which is significantly more abundant at position 152. Figures
G.1(g-j) show the distribution of chemical states across the 3-inch wafer indicating a

maximum concentration of carbide in the upper right wafer region (Figure G.1(j)).
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To confirm presence of carbide, high resolution C 1s spectra were acquired for
all analysis positions (Figure G.1(d)). Peak fitting protocols were applied across all
spectra (Figure G.1(e-f)). The most intense chemical state of carbon present on
the surface is adsorbed adventitious carbon at 285 eV with green peak components
which is typical of air-exposed samples. For some regions, however, a distinct peak
could be seen at lower binding energy 281.8 eV, indicating carbide formation. A
distribution plot of the peak fitted carbide is shown in Figure G.1(k). The C 1s
carbide peak distribution matches the Ti 2p peak fitting, indicating a link between
the two spectral sets. This correlation suggests that the carbide is titanium carbide
and not a carbide of a different metal. Depth profiling using impinging Ar™ ions
was performed to determine the distribution of surface materials (Figure G.2). After
etching the surface for several etch cycles, the contribution of carbon on the surface
had decreased as the adventitious carbon was removed and the atomic concentra-
tion had become steady state for the main elements present indicating the analysis
is representative of the bulk composition. Significantly, the carbide composition
is constant around 2 at.% with depth, indicating it is not a surface artefact but
propagates deeper into the sub-surface and bulk material, similar to observations
by Greczynski et al. [291]. By comparison with the Ti 2p peak fitting procedure,
which showed the same distribution trend across the wafer, the carbide was slightly
underestimated (~1.72 % compared to 2 %). This error may be due to s/n statistics,
or more probably, inaccurate background subtraction. This complication of back-
ground subtraction is particularly well documented for 2p transition metal orbitals.

Nevertheless, the error is within that expected for the technique. For this reason,
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further carbide studies are advised for both peaks — metal and C 1s — to ensure
correct chemical state assignment but for quantification to be derived from the C 1s
peak due to its simpler line shape, which is less prone to incorrect fitting and peak
assignment. XRD patterns for positions 97 and 139, within the vicinity of 153 and
152, respectively, confirm presence of TiC as well (Figure G.3). Further studies are
needed to understand why carbide was observed in a specific region over others and

to determine the implications of its presence [292].
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Figure G.1: (a) High resolution datasets of Ti 2p peak acquired across wafer allowed
identification of significant carbide presence. (b) XPS spectra from two different re-
gions on the wafer between 470 eV and 445 eV showing peak evolution as evidence
of different chemical bonding. Curve fitting for the two Ti 2p spectra from wafer
positions 153 and 152 show Ti-rich region forming Ti** and TiNi bonds and (c)
presence of Ti*™ and TiC, respectively. (d) High resolution datasets of C 1s indi-
cating carbide presence as determined from curve fitting showing (e) adventitious
carbon peak at 285 eV and (f) carbide peak at 281.8 eV for the same positions.
Peak fitted distribution of (g) Ti**, (h) Ti'*, (i) TiNi, (j) TiC and (k) C 1s across
the wafer. High to low distributions are indicated by variation in color from red to
blue, respectively; wafer oriented with long flat edge on bottom.
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Figure G.3: XRD patterns for positions 97 and 139 marking titanium carbide peaks.
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Appendix H: NMF analysis of XPS spectra

The analysis presented in the previous subsection demonstrates the enormous
utility XPS methods bring to high-throughput studies. However, the absence of
established methods for automated analysis of large datasets collected with this
technique can hamper its spread. In this section, I show that many of the analysis
tools used in the high-throughput community can be successfully adapted for this

purpose.

Non-negative Matrix Factorization (NMF) is a well-known unsupervised ma-
chine learning method used for decomposition of mixtures formed by various types
of non-negative signals [125]. The non-negativity constraint in NMF is often suf-
ficient to guarantee that the extracted signals are sparse and easy to interpret,
unlike the components obtained by methods such as principal component analysis
(PCA) [293]. An additional advantage of NMF is that it can work with data in which
the signals are not independent but partially correlated. It has been used exten-
sively to quickly analyze large XRD datasets generated by measuring combinatorial

libraries [114,126,127].
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One of the complications of the classical NMF algorithm is that it requires
a priori estimate of the number of end members. A modification of NMF ad-
dressing this limitation has been developed. It complements the conventional NMF
with a custom semi-supervised clustering and Silhouette statistics, which allows si-
multaneous identification of the optimal number and shapes of the unknown basis
components. The modified NMF protocol was used to successfully decompose the
largest available dataset of human cancer [294] genomes, and has been very recently
applied to several XRD datasets [126]. A resolution to peak shifting not caught by
hierarchical cluster analysis is NMF which does not always give physically relevant

solutions; a way around both is dynamic time warping (DTW) [115].

The collected XPS data was analyzed using the general NMF framework pre-
sented in experimental section 2.7. The design matrix X is formed by stacking the
XPS spectra on top of each other. The resultant X has dimensions 177x1356 (num-
ber of points in the composition library x number of binding energies in each XPS
spectrum). Two versions of the XPS spectra are considered: raw unprocessed and

background subtracted spectra.

Initially, the background subtracted spectra—containing less information, and
thus easier to analyze-were considered. The expanded NMF method estimated
five to be the optimal number of basis spectra (Figure H.2). Their abundancies
distributed over the wafer are shown in Figure H.1(f - j) in the text. A close match
is observed in the results upon comparison of the distinct regions extracted by NMF

with those by a human expert shown in Figure H.1(a — e). The pattern of the main
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peaks of the basis spectra confirms the correspondence, and allows an easy labeling of
the predominantly Ni, Ti, Co, and C regions. While this does not by itself produce
new information, the fact that NMF easily reproduces the results obtained by a

human expert demonstrates that XPS analysis can be at least partially automated.

Analyzing the raw data further reinforces previous results (Figure H.1(k — 0)).
The optimal number of NMF components is again five (Figure H.3). The outlines of
the regions extracted from the abundancies of the new basis spectra are consistent
with the NMF results on the background subtracted XPS data. The basis spectra
themselves provide detailed information about the chemical composition of the film.
The analysis of the entire dataset is significantly simplified by the decomposition,

which allows researchers to focus on the most salient features of the data.
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Figure H.2: Basis spectra determined from expanded NMF method for background
subtracted XPS data and their corresponding distribution across the wafer. Listed
in descending order by solution number.
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Figure H.3: Basis spectra determined from expanded NMF method for unprocessed
raw XPS data and their corresponding distribution across the wafer. Listed in
descending order by solution number.
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Appendix I: Process to convert CombiView file into python-ready

file in MATLAB

1. Import file into Matlab as numeric matrix
>> a=NiTiCuFeSampleID2BGsubXRD;
>> b=a.’;

2. Select b — “Save as” in folder location of choice — load in origin as .mat life

— C:—Users—Naila—Downloads —

3. Convert CombiView type file into Python ready .mat file using MATLAB for
NMF analysis in Python
(a) Import file into Matlab as numeric matrix

(b) For XRD files, create a new variable file from first line of file and delete

line in imported file
(¢) CMP = FileNameComposition
(d) TTH = FileNameBGsubXRD_TTH

(e) XRD = FileNameBGsubXRD
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(f) Save NewFileName CMP TTH XRD
(g) Load NewFileName
Example:

Save NiTiCuCoAllPython.mat CMP TTH XRD

Load (‘NiTiCuCoallPython.mat’)

4. Files save in C:—Users—Naila—Documents—MATLAB

— copy file to C:—Users—Naila—Downloads

(a) NiTiCuVAllPython.mat

(b) NiTiCuFeAllPython.mat
(¢) NiTiCuPdSID13Python.mat
(d) NiTiCuPdSID4Python.mat
(e) NiTiCuCoAllPython.mat
(f) NiTiCuCoSID2.mat

(g) NiTiCuCoSID3.mat

To use the above .mat files for analysis in Python:

Jupyter files located in — C:—Users—Naila—Downloads —

1. NMF_NiTiCuCoSID2.ipynb

2. NMF _NiTiCuCoSID3.ipynb
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3. NMF_NiTiCuV.ipynb

4. NMFpractice_run_NiTiCuCo.ipynb

5. NMF_NiTiCuFe.ipynb

6. NMF_NiTiCuPd.ipynb

7. NMF _NiTiCuPd_SID4.ipynb

NMFpractice_run_Bootcamp_Latent Variable Analysis.ipynb
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Appendix J: Process to convert .mat file into .txt format using MAT-

LAB

Starting file = MATLAB generated .mat file from Appendix C

e Load file into MATLAB (shows as variables - b)

e Use syntax:

>>a = b [name of file listed under workspace as 781x178 double]

>>csvwrite(‘NiTiCuCo_SID3.txt’,a)

e Check “Current Folder” for pathway to location where file is saved

Example:

Location: C:—Users—Naila—Dropbox—20180531 - Dell—ThermoelasticCooling

_ITakeuchi_ NMA-—2.Characterization—NiTiCu-X—

NiTiCu-X transposed XRD matlab files
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Convert NiTiCuCoSampleID3BGsubXRD2019T.mat

To NiTiCuCoSampleID3BGsubXRD2019T.txt

1. Open MATLAB

2. Load NiTiCuCoSampleID3BGsubXRD2019T.mat

3. Shows as Variables — b; Workspace file listed as 781x178 double

4. >>a=Db

5. >>csvwrite(‘NiTiCuCoSampleID3BGsubXRD2019T .txt’,a)

6. Check for .txt file in location “C:—Users—Naila—Documents—MATLAB”

from Current Folder File Pathway

7. Transfer file to final resting location
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Appendix K: Process to transpose CombiView format XRD data in

MATLAB

Objective 1: Convert CombiView format text files into matrix such that
sample number are in columns instead of rows by using transposing func-

tion

e Starting file = CombiView ready format .zt file

e CombiView format has row 0 = 2theta values, column 0 + row 2 = signal

intensity for materials library sample 1 of 177

To transpose 2theta and intensity organized by row to organized by column in

MATLAB:

1. Import “NameOfFileUploaded.txt” file with data into MATLAB as numeric

matrix — shows file as 178x781 table

2. Use syntax

a=NameOfFileUploaded
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b=a.’

. Select b in “workspace” tab and save as “NameOfFileUploaded_transpose.mat”

in appropriate folder

. To save as .tzt file, use syntax

csvwrite(’NameOfFileUploaded_transpose.txt’,b)

. Check current folder for file path where file is saved or Check for .tzt file in
location “C:—Users—Naila—Documents—MATLAB)” from Current Folder

File Pathway

. Transfer file to final resting location
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Appendix L: Process to transpose and normalize XRD data in MAT-

LAB

L.1 Objective 1: Convert CombiView format text files into matrix

such that sample number are in columns instead of rows

e Starting file = CombiView ready format .tzt file processed into a transposed

.zt file — see previous appendix

e Transposed file has row 0 + column 2 = signal intensity for materials library

sample 1 of 177; column 0 = 2theta values

e CombiView format has row 0 = 2theta values, column 0 + row 2 = signal

intensity for materials library sample 1 of 177
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L.2

Procedure:

. Import “NameOfFileUploaded.txt” file with data into MATLAB as numeric

matrix — shows file as 178x781 table

Use syntax:
a=NameOfFileUploaded

b=a.’

Select b in “workspace” tab and save as “NameOfFileUploaded transpose.mat”

in appropriate folder

To save as .tzt file, use syntax

csvwrite(’NameOfFileUploaded_transpose.txt’,b)

Objective 2: Normalize all intensity values against largest inten-

sities

Procedure:

Import .tzt file with data into MATLAB as numeric matrix

Use syntax T=NameOfFile T(:, 2:end) = normc(T(:, 2:end)) %normalise

everything but 1st column

e To save as .tat file, use syntax csvwrite(’NameOfFile_normalized.txt’,T)
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L.3 Example: Processing NiTiHf20min.txt data file

e Turning NiTiHf file in combiview format

File Homée  Insen Page Layout Formulas Data Review  View Developer Help Acrobat

= A Cut

Calibri “n AR E== - BwepTet General
"_‘“D*rmm' B I U~ H~ #-A- |  E== == EMegeaiConter ~  $ ~% 9 5
= ﬁ?‘ Farmat Painter - o === Z= |l e
Clipboand ] Fant 1] Alignment ] Mumber
K34 ol S
| A | B | c | D | E | F | G | H | 1 | ] | K | L
1 | 23.38786 23.48112 235744 23.66769 23.761 23.B5432 2394766 2404101 2413438 2422777 2437117 24.41459)
2 | 1453258 12.93267 13.13459 14.13229 13.74686 12.31331 11.39856 9.19185 9.101%8 942365 10.13426 9.06362
3 | 367809 A26197 491996 462003 5.03035 S5.31B09% 7.55515 8.31137 8.2444 783459 942217 9.B1E%4
4 | 2461536 23.34154 2114466 19.92208 18.55576 16.07804 15.7403% 16.11016 17.8327 16.14566 14.26762 13.21609
5 | 20.06822 21.29917 21.25304 2118861 20.3524 1351682 18.7074%9 13.10712 21.0405 20.72057 13.22881 16.90743
B | 3277052 30.13468 27.54531 27.47795 27.27462 2647518 24.574%8 21.80016 21.84218 21.57975 20.768X% 17.51172
— Import NiTiHf20_shortlisted.txt as numeric matrix with delimiters tab,
comma, space
— a= NiTiHf20shortlisted
— b=a.’
» BEg, !
h -
1.0e+03% =
0.0234  ©0.0145  0.0037  0.0246  0.0200  0.032¢
0.0235 0.0129 0.0043 D.0233 0.0213 0.0301
0.0236 0.0131 0.004% 0.0211 0.9213 0.027%
0.023T 0.0141 0.0048 0.015% 0.0212 D.0272
0.023E 0.0137 0.0050 D.01E&E 0.0204 0.0273F
0.0239 0.0123 0.0083 0.01861 0.018% 0.0268
0.023%9 0.0114 0.0076 D.0157 0.0187 D.0246
-ﬁi 0.0240 0.0052 0.0083 0.0161 0.01591 D.021%
4 m

— csvwrite("NiTiHf20shortlisted_Transposed.txt’,b)

— Re-import NiTiHf20shortlisted_Transposed.txt as numeric matrix with
delimiters tab, comma, space
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— d=NiTiHf20shortlisted Transposed 1

Comimand Window

»» d=NiTiHfZ0shortlistedTransposedl

d =
1.0e+03 *
0.0234 0.0145 0.0037 0.0244 0.0201 0.0328
0.0235 0.0129 0.0043 0.0233 0.0213 0.0301
0.0236 0.0131 0.0049 0.0211 0.0213 0.0275
0.0237 0.0141 0.0046 0.01399 0.0212 0.0272
0.0238 0.0137 0.0050 0.0186 0.0204 0.0273
0.023%9 0.0123 0.0053 0.0161 0.0185 0D.0265
00239 0.0114 0.0076 0.0157 0.0187 D.0226
. X4 . On%2 0.0083 0.07681% 0.07 91 N.0298

— d(:, 2:end) = norme(d(:, 2:end))
T ——

*»» d:, Z2iend) = normc(d(:, 2:end))

d =

23 .3880 .00Z5 0.0008 Q0.0045 Q.00389 @.0057

23.4810 0.0022 0. 0007 0.0043 0.0042 0.0083
23.5740 0.0022 0. 0008 0.0039 0.0042 0.0048
23.66E0 0.0024 0.0008 0.0037 0.0042 °.0047

23.7610 0.0023 0.0008 0.0034 0.0040 0.0048
23.8540 0.0021 0.0009 0.0030 0.0036 0.0046
23.94E80 0.0019 0.0013 0.0023 Q.0037 0.0043
24.0410 0.0018 0.0014 0.0030 0.0037 0.0038
24.1340 0.0016 0.0014 0.0033 0.0041 0.0038
24.2280 0.0016 0.0013 0.0030 0.0041 0.0038

— csvwrite('NiTiHf20shortlisted_Transposed normalized.txt’,d)
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Appendix M: Calibrated deposition rate for elements under given

powers
Element | Power | Thickness | Time Rate
— [W] [nm] [min] | [nm/min]
Ti 100 233 7.75
Ni 26 119 3.96
Cu 17 41 1.37
Co 15 20.5 30 0.68
Fe 15 20 0.66
Pd 18 76.6 2.55
\% 15 16 0.53

Table M.1: Calibrated deposition rate for elements under given powers.
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Appendix N: Synthesis parameters for thin films investigated in this

thesis

Power [W] Dep(?s1t10n Annealing
Sample ID . . Tlr.ne .

Ti | Ni| X [min] [°C] | [min]
NiTiCo 100 | 50 | 18 51 500 60
NiTiHf_20min deposition | 100 | 31 | 25 20 500 60
NiTiHf 45min deposition | 100 | 31 | 25 45 500 60
NiTiPd_15min deposition | 100 | 30 | 20 15 500 60
NiTiPd_40min deposition | 100 | 30 | 20 40 500 60
NiTiPd_65min deposition | 100 | 30 | 20 65 500 60
NiTiPd_30min_NoAnneal | 100 | 30 | 15 30 - -
NiTiV 100 | 65 | 20 47 500 60

Table N.1: Synthesis parameters for ternary thin film libraries investigated in this
thesis.
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ABSTRACT: Combinatorial synthesis and high-throughput characterization of a Ni— /= WDS XRD ™\
Ti—Co thin film materials library are reported for exploration of reversible martensitic Composition Crystal Structure

transformation. The library was prepared by magnetron co-sputtering, annealed in
vacuum at 500 °C without atmospheric exposure, and evaluated for shape memory
behavior as an indicator of transformation. Composition, structure, and transformation o
behavior of the 177 pads in the library were characterized using high-throughput  Leso

. /P ) & & &P _| Co-Sputtered Thin Film l—
wavelength dispersive spectroscopy (WDS), X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), and four-point probe temperature-dependent resistance
(R(T)) measurements. A new, expanded composition space having phase trans- /
formation with low thermal hysteresis and Co > 10 at. % is found. Unsupervised - s

XPS Resistance(T)

k(:hemical Bonding Transformation

Library

machine learning methods of hierarchical clustering were employed to streamline data
processing of the large XRD and XPS data sets. Through cluster analysis of XRD data,
we identified and mapped the constituent structural phases. Composition—structure—
property maps for the ternary system are made to correlate the functional properties to the local microstructure and composition of
the Ni—Ti—Co thin film library.
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B INTRODUCTION and phase transformation behavior that have been reported for
Ni—Ti—Co involved one-by-one bulk preparation that covered
a limited composition space, with addition of Co investigated
only up to 10 at. %.”>>"*7** A more comprehensive study of
the ternary system by Zhou et al., to determine the liquidus
surface projection at 1373 K also involved one-by-one bulk
preparation of 35 alloys. They evaluated the microstructure
and different crystallographic phases present but did not report
on the mechanical or transformation properties of Ni—Ti—
Co.” To the best of the authors’ knowledge, no systematic
investigations of phase transformation in Ni—Ti—Co alloys,
both in bulk and in the thin-film form that probes a greater
composition space, have been reported thus far. Hence, this
study aims to fill this information gap in identifying
composition regions having martensitic phase transformation,
with a focus on small thermal hysteresis.

Shape memory effect (SME) is a property that allows shape
memory alloys (SMAs) to regain their shape when deformed
through application of stress or temperature. The underlying
mechanism is a reversible, diffusion-less, first-order martensitic
transformation between two crystallographic phases.' The high
temperature, high symmetry cubic phase is called austenite.
The low temperature, low symmetry phase is called martensite,
which can be present as twinned, detwinned, or a mixture of
both in monoclinic and orthorhombic variants." The temper-
atures at which transformation from martensite to austenite
begins and ends are called A, and Ay whereas the temperatures
for the reverse pathway are marked by M, and M; A
cosputtered Ni—Ti—Co thin film library is investigated for
SME through the evaluation of the phase transformation. First
reported in 1975,” the Ni—Ti—Co alloy has since found wide

lications: t of ¢ ts 5 hich We employ combinatorial materials science to facilitate a
Appiications: as g component of permanehit Magnets, i rapid investigation for the discovery, design, and development
entropy alloys,”” shape memory alloys,” and superalloys™

along with substantive use in biomedical applications 11—21 of new materials. It involves the correlation between physical

The addition of Co to NiTi has been shown to reduce the M,

and A, temperatures in combination with the Ni content; it has Received:  May 21, 2020 fs_‘“é%‘é’é'a,'(
also been shown to increase yield strength.””*’ These Revised:  July 22, 2020 KWQ&
improvements are sought out in elastocaloric cooling Published: August 4, 2020 L \‘.f.t‘,",
technology where ambient transition temperatures and small m‘ i(':
thermal hysteresis are desired.”* Until now, investigations on -

the structural phases, mechanical properties, elastic properties,
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properties and composition through concurrent sample
synthesis and high-throughput experimentation (HTE).*
Combinatorial thin film synthesis allows access to a greater
number of compositions than previously explored.”” When
combined with high-throughput characterization techniques, a
systematic evaluation of parameters of interest can be carried
out to fine-tune the functionalities of materials. Promising
compositions can then be scaled up for bulk studies.

To quickly identify the compositions that transform in the
ambient temperature range, a Ni—Ti—Co composition spread
was synthesized using magnetron co-sputtering, and its
composition—structure—property was mapped with high-
throughput characterization. Unsupervised machine learning
methods were used to both manage the large data sets acquired
and analyze them efficiently.”>*” The composition was
determined using wavelength dispersive spectroscopy
(WDS). We also evaluated the use of X-ray photoelectron
spectroscopy (XPS) as a high-throughput chemical character-
ization technique; an automated, typical WDS measurement of
a 177-sample library takes about 6 h whereas total acquisition
time for XPS survey scans for the same sample library requires
only half the time. Although surface effects and corrosion
behavior of NiTi-based bulk as well as thin-film systems have
been previously studied with XPS,'"*°™* we report on
systematic high-throughput XPS characterization and an
indexed spectral database for Ni—Ti—Co. Using synchrotron
X-ray diffraction (XRD) and high-throughput four-point probe
temperature-dependent resistance R(T) measurements, we
report on the microstructure, phase diagram, and martensitic
transformation behavior of Ni—Ti—Co alloys. We also report
on phase transformation in compositions beyond Nij,_, Ti5,Co,
(x = 0 to 10 at. %). Furthermore, we identified a composition
space with small thermal hysteresis (AT) that is promising for
higher transformation efficiency and long-term stability.

B RESULTS AND DISCUSSION

Figure 1 shows a ternary elemental plot of the compositional
range covered in this study. With an x-y scanning table and
characterization tools, the library was spatially analyzed, which
offers another way to visualize data. Images of the materials

. P63/mmc + Pm3m
Pm3m
Pm3m + Fm3m
Pm3m + Im3m
Broad peaks
P63/mmc, Pm3m,
Fm3m, Im3m

20

Co (at.%)

Figure 1. Ternary plot of Ni, Ti, and Co determined from high-
throughput WDS. Compositions are grouped by color based on
results for crystallographic phases from the Pearson correlation
coefficient (PCC) hierarchical clustering model. Compositions
grouped inside gray ellipses were determined to transform through
an intermediate structure.
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library and corresponding labeled wafer positions are shown in
the Supporting Information, Figure SI, parts a and b,
respectively. Throughout the paper, we will use both methods
to facilitate understanding of the different insights; exper-
imental details are provided at the end.

Characterization of Chemical Composition. Chemical
composition determined from WDS shows elemental concen-
trations of 22.8 at. % < Cy; < 72.8 at. %, 17.6 at. % < Cr; < 68.2
at. %, and 5.4 at. % < Cc, < 33.2 at. %. Distribution of the
elements by wafer position is shown in Figure S2a—c; these
match the physical configuration of the targets inside the
deposition chamber. The center of this library on the wafer has
a composition of Nigg,TiyCo37. Compositions with the
highest and lowest Ni content are Niy, Ti534Cogg and
Niy;TiggCog, highest and lowest Ti are Ni,;TiggCoo and
Nigy sTi;7,Co45, and highest and lowest Co are
Ni, 4Ti3;,5C033,; and Niys sTiyCos s, respectively. Additionally,
we obtained crystallographic evidence for carbide and oxide
phases of Ti. Chemical composition data from WDS and XPS
agree qualitatively for Ni and Ti distributions shown in Figure
S2a,b and Figure S2d,e. Slight difference observed in the spatial
distribution of Co (Figure S2, parts c and f) may be associated
with a surface energy effect as XPS captures chemical activity
present in the top 10 nm. In addition to differences in sampling
depths, the variation in Co distribution may also be due to
local surface aggregation of Co for a particular alloy blend.
Despite the reduction in measurement time from XPS, we use
WDS compositions going forward due to its higher accuracy
and precision in quantifying elemental content. We do,
however, use oxidation state mapping from XPS to understand
crystallographic trends in the following sections.

Transformation Temperature Determination with
Four-Point Probe Measurements. Compositions in the
library were screened for phase transformation using a custom
high-throughput four-point probe measurement system as
measurable electrical changes accompany crystal structural
changes during phase transformation.”*"> We successfully
identified compositions with phase transformation and narrow
AT in the ambient temperature range. Film sheet resistance as
a function of temperature, R(T), was measured between —40
and +120 °C. Austenitic start (A,), austenitic finish (A,
martensitic start (M,), and martensitic finish (Mf) temperatures
were determined by applying the tangent method to the R(T)
curves, as demonstrated in the inset of Figure 2a. The first-
order martensitic transformation is associated with a thermal
hysteresis (AT) that reduces the reversibility of the trans-
formation. This hysteresis is a result of energy dissipation due
to frictional work and plastic accommodation during lattice
distortions.**~*’ The hysteresis width determines the energy
loss and inefliciency of the transformation such that a narrow
width favors sustained reversibility.® Thermal hysteresis is
determined by the difference between austenitic finish (Af) and
martensitic start (M,) temperatures.

The R(T) curves obtained can be divided into three
categories—(1) linear, non-transforming curves with increas-
ing slopes, (2) nonlinear, transforming curves (Figure 2a), and
(3) linear, non-transforming curves with decreasing slopes
(examples are highlighted with a black box in Figure S3).
Linear R(T) curves with increasing slopes showing no
transformation were obtained for most of the library. Of the
177 compositions measured, 31 were observed to have
reversible transformation behavior and hence, shape memory
effect; these are listed by ascending Ni content in Table 1.

https://dx.doi.org/10.1021/acscombsci.0c00097
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Figure 2. (a) R(T) curve for Niy,¢Tis ;Coso showing near-zero
thermal hysteresis. Inset shows the tangent method to determine
phase transformation temperatures A, A M, and M; from R(T) curve
for Nig;Ti,; sCo,g 5 alloy showing reversible phase transformation with
large thermal hysteresis. (b) Distribution of thermal hysteresis AT =
Ag— M in °C as a function of composition. Color scale bar from blue
to red indicates small to large temperature widths.

Composition regions with SME at Co content greater than 10
at. % were identified for the first time. SME was observed in an
elemental range for Ni from 25.8 to 70.5 at. %, Ti from 21.4 to
64.3 at. %, and Co from 5.5 to 26.4 at. %, respectively.
Temperature ranges observed for martensite start, austenite
finish and thermal hysteresis were —25.2 °C < M, < 106.5 °C,
—23.2 °C < Af < 1404 °C, and 0.7 °C < AT < 1312 °C,
respectively. Distribution of thermal hysteresis is shown in
Figure 2b. Four compositions with 5.9 at. % < C¢, < 18.3 at. %
were observed to have AT between 0.5 and 2.1 °C with the
higher Co composition transforming at higher temperatures
(M, = 106.5 °C, Ar = 107.9 °C). Average As and M
temperatures are around 79.6 and 14.4 °C, respectively,
which are essential for SMA use in ambient temperatures.
Some transformation pathways were incomplete in the
evaluated range as seen from the missing M, values in Table
1. These results are important as SME has been reported in
bulk compositions of TisoNis,..Co, (x = 2, 4, 6, and 8) but not
observed for Tis,NiyyCo;y measured at liquid nitrogen
temperature.' *** Addition of Co preferentially substitutes Ni
up to 14 at. % which has been shown to reduce the M,
Although only a slight reduction in M is observed, our
observations are overall in agreement with previous reports
demonstrating addition of Co to reduce A, and M; through
substitution of Ni.** Seven compositions were determined to
have phase transformation through an intermediate structure
(dotted gray ellipses, Figure 1a). These are not listed in the
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Table 1. Composition, Martensitic Start (M,), Austenitic
Finish (Ay), and Thermal Hysteresis (AT) Determined from
R(T) for Ternary Ni—Ti—Co SMA Library by Ascending Ni
Content

at. % °C
Ni Ti Co M, A A — M, = AT
25.8 63.5 10.7 —10.3 73.1 83.5
29.1 64.3 6.6 —=25.2 —-23.2 2.0
29.1 63.5 7.4 - —-83 8.3
29.8 47.7 22.5 - 83.9 83.9
32.8 61.3 5.9 —4.9 —-2.8 2.1
329 60.4 6.7 —15.0 —14.3 0.7
352 51.2 13.6 58.0 95.8 379
358.7 52.4 119 - 79.6 79.6
37.3 36.3 26.4 0.8 61.1 60.3
38.6 38.3 23.1 18.5 79.4 64.0
39.7 39.7 20.6 10.6 109.9 99.3
42.5 43.6 13.9 - 72.9 72.9
45.3 48.4 6.3 —-8.8 95.9 104.7
46.4 27.9 25.7 2.0 81.9 79.9
49.6 44.0 6.4 40.4 116.8 76.4
S1.4 26.4 222 1.3 78.6 772
53.0 27.5 19.5 —12.8 78.5 91.3
54.0 39.8 6.2 22.8 109.7 86.9
54.4 40.0 5.7 24.8 94.2 69.4
58.9 35.6 S.5 29.7 140.4 110.6
59.3 25.8 14.9 0.7 95.8 95.0
59.5 222 183 106.5 107.9 1.5
60.0 31.0 9.0 19.3 99.0 79.7
60.7 26.4 13.0 —-2.4 104.8 107.2
60.7 314 7.9 33 105.3 102.0
61.8 26.6 11.5 —-6.3 104.3 110.6
65.3 27.9 6.8 73.5 111.0 37.5
67.4 24.2 8.4 16.1 104.0 87.8
68.2 24.3 7.5 5.2 107.7 102.6
68.6 24.7 6.6 —-24.9 106.2 131.2
70.5 214 8.2 19.6 69.5 49.9

table as additional nanocharacterization measurements and
temperature-dependent XRD are needed to verify these
observations. Nonetheless, a two-step transformation has
been previously reported for bulk Ni—Ti—Co and is also
well-known to occur in NiTi as well as ternary systems such as
TiNiCu, TiNiFe, and TiNiMo.*>'™%°

Crystal Structure and Phase Determination. We
employed an unsupervised machine learning algorithm to
determine a phase map for the Ni—Ti—Co library. Hierarchical
cluster analysis using the Pearson correlation coeflicient
(PCC) was performed on high-throughput synchrotron XRD
patterns (Figure SSa), collected at room temperature for the
177 annealed compositions, which delineates and separates
compositions based on differences or similarities in their
diffraction patterns. This also allows us to rapidly determine
composition-structure relationships in the Ni—Ti—Co materi-
als library.

The MATLAB-based data visualization platform Combi-
View allows linking of sample composition with its XRD and
XPS spectral patterns (Figure S4) and was used to perform the
hierarchical cluster analysis on the XRD data (Figure $5).%° An
initial cluster analysis resulted in 32 groups. Upon refining and
combining cluster groups based on number of low intensity
peaks, six groups were determined consisting of 16 phases (see

https://dx.doi.org/10.1021/acscombsci.0c00097
ACS Comb. Sci. 2020, 22, 641-648
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space group in Table 2). Representative XRD patterns were
analyzed using EVA4 XRD software from Bruker and matched

Table 2. Crystal Structures Identified in the Ni—Ti—Co
Thin Film Materials Library”

space space group
formula group number prototype
(CoNi,)Ti P63/mmc 194 hexagonal
(CopisNiggs)Ti  Pm3m 221
(CoysNigs)Ti Pm3m 221
(CosNiTiy), Pm3m 221
(Nigg75C0g125)Ti ~ Pm3m 221
I4/mmm 139 tetragonal
Al(Cry 5Tig152)
Al(Cry 5;5Nby 152)
CoO Fm3m 225
CoTi Pm3m 221
Co,GeTi Fm3m 225
Co,NiTi Fm3m 225 Co,NiGa
FeNi
MgNi,Sn
Co,Ti,O Fd3m 227
Co,;Ti;0 Fd3m 227
Iba2 45 orthorhombic
Cro9ss5Ga,Sh,
P1ml 6 monoclinic
FeNi
NiTi P21/m 11 monoclinic
NiTi P3 147 hexagonal
NiTi Pm3m 221
NiTi, Fd3m 227
Ni; 0, Tig 08 Pm3m 221
Ni, Ti R3m 166 rhombo.h.axes
Ni,Ti,O Fd3m 227
Ni, Ti; R3 148 rhombohedral
4/m 87 Tetragonal
NiW
Ti(Co, sNi, 5) P63/mmc 194 CoMnSn
TiC Fm3m 225 TiCoNiSn
TiCo Pm3m 221
Ti,Ni,Og5 Fd3m 227
F43m 216 (CoNi)Sn,Ti,
Ti,NiAl
Im3m 229 NiVv
Tiv
Pmam 51 orthorhombic
TiNi,gCuyg,
Pmmn 59 orthorhombic
NbNi;

“The default crystal structure type is cubic unless specified otherwise
under prototype.

against the International Centre for Diffraction Data (ICDD)
database.’” Results of the cluster analysis and phase
distribution in a ternary composition plot are shown in Figure
SSb,c and Figure 1, respectively. Selected diffraction patterns
representing phases present in the six groups defined by PCC
are shown in Figure 3. Crystal structures identified in this alloy
library are listed in Table 2. Depending on where a
composition was in the thermal cycle of the transformation,
we expected to identify cubic, monoclinic, or orthorhombic
structures for compositions exhibiting phase transformation.
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Figure 3. Selected X-ray diffraction patterns (wafer positions 94, 172,
91, 90, 89, 87, and 82 from top to bottom) representing phases
present in the six clusters identified by PCC arranged in ascending Ni
content. Patterns are offset for clarity.

Most common crystal type present was cubic austenite
structure Pm3m in the form of NiTi or Co,,sNiygsTi crystal
types and present in a single phase in only two compositions,
Ni,g; Tigs3C046 and Niy, 3 Tig ;Cogo (positions 163 and 172,
light blue cluster in Figure 1)—both of these also had near-
zero thermal hysteresis R(T) curves. The Pm3m phase is
present predominantly in a mixture with other cubic phases
Im3m and Fm3m, shown as dark green, light green, and red
groups in Figure 1. These were observed to have linear, non-
transforming R(T) curves (Figure S3). For compositions in the
Ni-rich region, mixed phases of hexagonal (prototype Ni,In)
and cubic (prototypes TiV, Co,NiGa, Co,sNiysTi, and
GaTiCo,) crystal structures were present, seen in red in
Figure 1. Rhombohedral Ni,Ti and Ni,Ti; structures were also
identified, and it was noted that NiTi is present in cubic,
monoclinic, and hexagonal forms. For compositions with SME
discussed in the previous section, both single phase and a
mixture of cubic with orthorhombic structures were identified
as seen from light and dark blue patterns in Figure 3. A mixture
of hexagonal NiTi and cubic (CosNiTiy)y;, for Nis; 9 Tig4Cos 7
(wafer position 162) also exhibited transformation with near-
zero thermal hysteresis. It is important to note that this is a
qualitative, not a quantitative assignment. Similarly, for
Niy, sTiy3 6Coy39(wafer position 90), where a potential two-
step transformation was observed, a mixture of hexagonal
Ti(Co, sNi;s) and cubic Pm3m, Im3m structures of the
prototypes Cogg97Geg123Wo 70 and CrygssTiy 1,5 were identi-
fied. Since our library explores a composition space not yet
reported, these and other prototype structures listed in the
table provide an understanding of the type of crystal structures
that may be present as we could not match every XRD peak
with a listing in the ICDD. Finally, the gray cluster in Figure 1
is defined by a non-crystalline phase in which broad peaks were
observed in the 20 range of 40° to 48° (gray pattern in Figure
3) that corresponded with linear, non-transforming R(T)
curves characterized by decreasing slopes. This gray cluster
forms a phase boundary separating NiTi—NiTi, double phase
for compositions rich in Ti (dark blue in Figure SSc), which
follows a distribution of Ti** peak observed from XPS mapping
(Figure S6). Although no clear relationship could be drawn
between variation of Ni or Co content with phase trans-

https://dx.doi.org/10.1021/acscombsci.0c00097
ACS Comb. Sci. 2020, 22, 641-648
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formation, crystallographic evidence for SME could be
established, in agreement with theoretical and experimental
observations reported in the literature.''~'#**3>%* These
results also build on the challenging work associated with
determining stable intermediate phases.””

B DISCUSSION

To understand the relationship between composition,
structure, and phase transformation, we can now align the
data for material properties of the Ni—Ti—Co library across
the chemical composition space. Phase transformation was
observed in different parts of the composition plot with very
little apparent connection to elemental variation. Of all the
cubic space groups, transforming compositions are comprised
of the Pm3m type in single phase or in mixture with Fm3m.
While other compositions have similar crystal structures, they
do not undergo transformation; this may be due to the
presence of other crystal types such as non-transforming cubic
and hexagonal phases. It is also difficult to determine the exact
influence of composition on the presence of a particular crystal
type since these are not single phases. Furthermore, the
presence of additional phases may demand greater energy for
the SME phase to transform, thereby increasing the thermal
hysteresis width. This is supported by stable R(T) curves
having near zero thermal hysteresis for compositions
Niy ; Tigs3C066 and Niy, ¢Tig 3Coso at positions 163 and
172 with a single crystal phase of NiTi or Cog;sNiggsTi types.
Fabricating a materials library having smaller concentration
gradients and centered around the composition space
identified to have narrow hysteresis coupled with temper-
ature-dependent XRD measurements may better elucidate the
crystal phase composition of the transforming samples.
Additionally, while scale-up of these compositions to verify
the narrow thermal hysteresis in bulk is needed, thin films of
Ni—Ti—Cu and Ni—Ti—Cu—V have been successfully scaled
up and tested over many cycles.””*” Abrupt changes in R(T)
curves are also observed from one measurement area to the
next such that they have linear and/or non-linear curves
characterized by decreasing slopes from left to right (Figure
S3). A cluster of XRD patterns reflects a similar distribution
across the wafer and forms a phase boundary separating NiTi—
NiTi, double phase for compositions rich in Ti (Figure SSc).
XPS mapping of the Ti*" peak across the wafer further
confirms this observation (SI Figure S6). It may be that the
annealing time is not long enough to produce large enough
crystallites in this area of the materials library. Overall, while it
is difficult to draw a definitive relationship between variation of
Ni or Co content with phase transformation, we establish
crystallographic evidence for SME, in agreement with
observations already reported in literature for other Ni—Ti—
Co alloys.''~"#?%*>%* Nonetheless, these results expand on the
challenging work of determining stable intermediate phases
reported previously.*

B CONCLUSION

A combinatorial Ni—Ti—Co thin film materials library covering
a large composition space was synthesized using magnetron
cosputtering and annealed at 500 °C for 1 h in vacuum. Large
data sets of composition, transformation temperatures, and
crystal structure were obtained from high-throughput WDS
and XPS, four-point probe temperature-dependent resistance,
and synchrotron XRD measurements that enabled rapid
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materials characterization and screening. Transformation
temperatures were probed in the —40 to +120 °C range to
screen for shape memory alloys that could be used in ambient
temperature applications. By employing combinatorial syn-
thesis and high-throughput experimentation, we demonstrate
the effectiveness of the methodology in systematically mapping
phase transformation and drawing composition-structure—
property relationships. Cross sample position analysis between
and within data sets allowed for greater insights, and the
following observations were drawn:

e Chemical composition space bounded between 22.8 at.
% < Cy; < 72.8 at. %, 17.6 at. % < Cp; < 68.2 at. %, and
5S4 at. % < C¢, < 33.2 at. % was synthesized.

e Phase transformation was observed in compositions
beyond the range previously reported as Nig,_, TisoCo,
(x = 0 to 10 at. %), with Co concentration between 5
and 26 at. %.

e A new compositional region having narrow thermal
hysteresis (AT between 0.5 and 2 °C) centered around
6 at. % Co in Ti-rich regions was identified.

e Transforming compositions are composed of mixtures of
cubic structures from Pm3m and Fm3m space groups as
well as orthorhombic and hexagonal structures.

e Non-transforming compositions were characterized by
crystalline mixtures of multiple cubic Pm3m phases,
Pm3m with Fm3m along with Im3m cubic phases in
addition to non-crystalline phases defined by broad XRD
peaks around 26 = 40°.

e Alloys with distinct XRD patterns for a single cubic
phase showed near-zero thermal hysteresis.

e Large data sets produced in this work may be used to
develop machine learning models for predictive
experimentation.

In summary, this study highlights a strategy that can be
extended to other alloy systems and properties to discover new
materials with enhanced functionalities.

B EXPERIMENTAL APPROACH

For ease of data management, all experiments were performed
with the long flat edge of the wafer positioned at the bottom.
Sample pads were numbered from left to right with 1 to S
parallel to the long flat edge and continuing to rows above
(Figure S1).

Magnetron Sputtering of Thin Films. Ternary thin film
composition spread between 150 and 250 nm was deposited
on a 3-in. diameter thermally oxidized (2 um SiO,) Si wafer
(thickness 400 pm, IWS) in an ultrahigh vacuum (base
pressure: 5 X 1077 Torr, 6.6 X 107° Pa) magnetron sputtering
system at room temperature. A patterned Si mask was placed
on the wafer to delineate 177 individual compositions evenly
across the wafer at a Ax, Ay of 4.5 mm. High purity Ni
(99.995%), Ti (99.995%), and Co (99.97%) targets (1.5 in.
diameter, 0.125 in. thick, Lesker) were co-sputtered with
ultrahigh purity Argon gas (99.9997%, Airgas) pressure of 5 X
107 Torr (0.6 Pa). The thin film library was deposited over a
period of 51 min using a DC power source for Ni and Ti
sputtered at SO and 100 W, respectively, and an RF power
source of 18 W for Co. The substrate was water cooled to
avoid crystallization during sputter deposition and to maintain
low temperatures.”” The resulting film was annealed in a
vacuum at 500 °C for 1 h.

https://dx.doi.org/10.1021/acscombsci.0c00097
ACS Comb. Sci. 2020, 22, 641-648



ACS Combinatorial Science

pubs.acs.org/acscombsci

Research Article

Wavelength Dispersive Spectroscopy (WDS). Chem-
ical composition of the Ni—Ti—Co thin film library was
determined by using WDS in an electron probe microanalyzer
(EPMA) JXA 8900R Microprobe, with an acceleration voltage
of 15 kV. Calibration was done using polished pure metal with
an experimental error margin of <0.3 at. %. WDS was selected
over energy dispersive spectroscopy (EDS) due to its higher
accuracy and precision in quantifying elemental content via
better energy resolution from peak/background ratio.®!

High-Throughput X-ray Diffraction (XRD) Measure-
ments. Structural information was obtained by X-ray
diffraction (XRD) measurements conducted at room temper-
ature at SLAC National Accelerator Laboratory beamline 1—35.
The 14.99 keV beam of wavelength 0.82657 A was collimated
to ~0.3 mm X 0.3 mm. An exposure rate of 30 s was used to
collect data on a MarCCD detector. A small grazing incidence
angle of 1-2° was used to scan the library and minimize
influence of diffraction from the silicon substrate.

Geometric parameters of 2D detector such as direct beam
position, rotation, tilting, and sample to detector distance was
extracted for data analysis using a LaB4 powder pattern. These
parameters were used to transform initial raw images that were
acquired as a function of Q and y in diffraction coordinate into
1D diffraction patterns by integrating and normalizing over the
x angle. Bragg angle (26) is related to scattering vector (Q) by
the relationship Q = 4 X 7 X sin(0)/, with wavelength (1)
help to generate a more traditional 1D spectrum (intensity vs
20). These were then analyzed using EVA4 XRD software
(Bruker) and matched against the International Center for
Diffraction Data (ICDD) database.’”

Cluster Analysis of XRD data. An unsupervised machine
learning algorithm was used as an exploratory data analysis tool
as well as a phase mapping tool. A Pearson correlation
coefficient (PCC) clustering model was applied using Combi-
View, a MATLAB-supported data visualization platform
developed by the Takeuchi group. It used the criteria for
similarity and dissimilarity between input data such that data
grouped into a cluster share similar characteristics than data in
other clusters.”” For two spectra x and y having means % and 3,
PCC is defined as™®

_ Z:lzl(xi—f)@—)_’)
xy [z:,zl (xi _ 9?)2 2:121 (); _ )_])2]1/2

This clustering model was applied to the diffraction patterns of
the 177 points in the library.

High-Throughput X-ray Photoelectron Spectroscopy
(XPS). XPS analyses were carried out with a Kratos Axis
NOVA spectrometer using a monochromatic Al Ka source (30
mA, 15 kV). XPS can detect all elements except hydrogen and
helium, probes the surface of the sample to a depth of 5—7 nm,
and has detection limits ranging from 0.001 to 0.5 at. %
depending on the element/matrix. The instrument work
function was calibrated to give a binding energy (BE) of
83.96 eV for the Au 4f7/2 line for metallic gold and the
spectrometer dispersion was adjusted to give a BE of 932.62 eV
for the Cu 2p3/2 line of metallic copper. The Kratos charge
neutralizer system was used on all specimens. Survey scan
analyses were carried out with an analysis area of 300 X 700
pm and a pass energy of 160 eV. High resolution analyses were
carried out with an analysis area of 300 X 700 ym and a pass
energy of 20 eV. Spectra have been charge-corrected to the
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main line of the carbon 1s spectrum (adventitious carbon) set
to 285.0 eV (Table 3).

Table 3. XPS Species and Associated Binding Energies

photoelectron peak binding energy (eV)

Ni 2p 853
Co 2p 778
O 1s 530
Ti 2p 485
Cls 285

For quantification, Shirley background subtraction removed
the contribution of inelastically scattered electrons. For
chemical state analysis, peaks were fitted with symmetric
Gaussian—Lorentzian components using the ESCApe data
system and were quantified using modified Wagner relative
sensitivity factors. Spatial distribution plots were performed
using the ESCApe data system whereby a series of analysis
points can be created either freehand or as a grid. The spectra
were analyzed as grouped data post quantification. A Delaunay
triangulation is fitted onto the acquisition locations.”’ A
linearly interpolated color scheme is then applied to each
triangle based on the vertex values, each of which represents an
acquired atomic concentration value.

Four-Point Probe Resistance—Temperature R(T)
Measurements. Transformation temperature parameters of
Ay Ay My, My and AT(A; — M,) were determined from
resistance as a function of temperature R( T) measurements. A
customized automated four-point probe test stand developed
at Ruhr Universitit Bochum was used to rapidly characterize
the entire library. On the basis of a measurement methodology
described by van der Pauw, the test stand has a probe head
mounted on a z-axis with $ sets of four-point probes enclosed
in a box purged with N, gas.”****> Probe tips are spaced at
500 pum and automated to measure resistance with a 50-mA
current source between —40 and +120 °C with a heating/
cooling rate of 5 °C/min. The library was subjected to 84
temperature cycles during this experiment.
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Ni-Ti-based shape memory alloys (SMAs) have found widespread use in the last 70 years, but improving
their functional stability remains a key quest for more robust and advanced applications. Named for their
ability to retain their processed shape as a result of a reversible martensitic transformation, SMAs are
highly sensitive to compositional variations. Alloying with ternary and quaternary elements to fine-
tune the lattice parameters and the thermal hysteresis of an SMA, therefore, becomes a challenge in
materials exploration. Combinatorial materials science allows streamlining of the synthesis process
and data management from multiple characterization techniques. In this study, a composition spread
of Ni-Ti-Cu-V thin-film library was synthesized by magnetron co-sputtering on a thermally oxidized
Si wafer. Composition-dependent phase transformation temperature and microstructure were investi-
gated and determined using high-throughput wavelength dispersive spectroscopy, synchrotron X-ray
diffraction, and temperature-dependent resistance measurements. Of the 177 compositions in the mate-
rials library, 32 were observed to have shape memory effect, of which five had zero or near-zero thermal
hysteresis. These compositions provide flexibility in the operating temperature regimes that they can be
used in. A phase map for the quaternary system and correlations of functional properties are discussed
with respect to the local microstructure and composition of the thin-film library.
© 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

which 50% of the material is transformed into martensite upon
cooling and 50% into austenite upon heating, so that AT = A — M

Shape memory alloys (SMAs) of nickel-titanium (Ni-Ti) are
functional materials with thermal (one-way effect, 1-WE) and
mechanical (pseudoelasticity, PE) “memory” [1]. This property,
also known as the shape memory effect (SME), is a result of a
first-order, diffusionless, and reversible phase transformation
between austenite and martensite structures. When cooling from
high temperature, phase transformation from austenite to marten-
site is characterized by the martensite start (M;) and finish (M)
temperatures. Similarly, the reverse process is characterized by
the austenite start (As) and finish (A¢) temperatures. A thermal hys-
teresis AT occurs when there is a difference in the temperature at

* Corresponding author.
E-mail address: takeuchi@umd.edu (1. Takeuchi).

https://doi.org/10.1016/j.eng.2020.05.003

[2]. Transformation temperatures (A¢) range between 0 and 100 °C
for commercial NiTi alloys with a hysteresis width of 25 to 40 °C
[3]. Austenitic and martensitic NiTi structures have cubic B2 and
monoclinic B19’ crystal lattices, respectively [1,4,5]. In addition,
intermediate structures such as rhombohedral or trigonal R-
phase and B19 facilitate geometric compatibility during transfor-
mation. Phases and crystal lattices present in the Ni-Ti system
are extensively studied, but undesirable functional and structural
properties including the strong dependence of transformation tem-
peratures on composition and, hence, tight control of synthesis
parameters present a significant challenge in their adoption into
new technology [6-10]. Nonetheless, Ni-Ti SMAs enjoy wide-
spread applications ranging from actuators, stents, orthodontics,
and sensors to eco-friendly refrigeration and even fashion [11-17].

2095-8099/© 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The transformation temperature regime is a critical parameter
in determining the application of SMAs along with their functional
fatigue. The addition of ternary and quaternary alloying elements
enables the modification and fine-tuning of the material transfor-
mation temperature for specific applications [4,9,18]. Combinato-
rial materials science merges the synthesis of thin films with
high-throughput characterization, which allows access to many
compounds covering a substantial compositional space with diffe-
rent stoichiometries under identical conditions. Hence, it enables
the rapid discovery and development of new materials with tar-
geted properties [19].

In this study, we report on a systematic workflow for the rapid
determination of composition-structure-property relationships
using combinatorial synthesis and high-throughput experimenta-
tion. We report on new Ni-Ti—-Cu-V quaternary thin-film composi-
tions having near-zero thermal hysteresis, as determined by high-
throughput resistance measurements. Compositional and struc-
tural characterization was carried out with wavelength dispersive
spectroscopy and high-throughput synchrotron X-ray diffraction
(HiTp-XRD). A composition-phase map for the quaternary alloy
was developed through automated data analysis employing hierar-
chical clustering techniques. This work validates theoretical pre-
dictions and builds on experimental efforts in developing new
SMAs [20,21].

2. Experimental approach

Experiments were carried out with the long flat edge of the
wafer positioned at the bottom so that the first set of five sample
pads, labeled 1-5 from left to right, were parallel to the edge. This
eased and streamlined data management.

2.1. Thin-film synthesis with magnetic sputtering

A quaternary thin-film composition spread for Ni-Ti-Cu-V
between 150 and 250 nm thick was deposited on a 3 in
(76.2 mm) thermally oxidized (2 pwm SiO,) silicon (Si) wafer (thick-
ness 400 um, IWS; International Wafer Service, Inc., USA), in an
ultrahigh-vacuum (5 x 1077 torr, 1 torr=133.32237 Pa), mag-
netron sputtering system at room temperature. High-purity
(99.98%) elemental targets with a diameter of 1.5 in (38.1 mm)
were sputtered using DC (direct current from Seren IPS Inc., USA)
and RF (radio frequency from Advanced Energy Industries, Inc.,
USA) power sources with an ultrahigh purity argon (Ar)
(99.9997%; Airgas, USA) pressure of 5 x 107> torr. Each wafer
was covered with a patterned Si mask to delineate 177 individual
compositions evenly across the wafer at a Ax, Ay of 4.5 mm. The
substrate was water cooled to avoid crystallization during sputter
deposition and to maintain low temperatures. The resulting film
was annealed in a vacuum at 500 °C for 1 h following the process
reported in the literature [21]. Deposition rates were determined
for each element used in this work under a given power source
for a preset time and are listed in Table S1 of the Supplementary
data. Thickness was measured using atomic force microscopy
(AFM). Based on the calibrated deposition rates and the density
of each element, the required power ratio to achieve a desired
composition was determined and is listed in Table S2 of the Sup-
plementary data. The total time for the synthesis and annealing
of a thin-film library is 2 h before it is ready for characterization.

2.2. Chemical composition determination

Composition variation in the thin-film library was determined
using wavelength dispersive X-ray (WDX) analysis in an electron
probe microanalyzer (EPMA) JXA 8900R Microprobe (Microprobe,

USA), with an acceleration voltage of 15 kV. Standardization of refer-
ences was carried out with pure metal references and compositions
were determined to be within an experimental error of < 0.3 at%.

2.3. Crystal structure analysis

Structural information was obtained at room temperature by
collecting two-dimensional (2D) X-ray diffraction (XRD) patterns
on the combinatorial library at beamline 1-5 at the Stanford Syn-
chrotron Radiation Lightsource (SSRL). The experiment was per-
formed with 14.99 keV energy collimated to approximately O.
3 mm x 0.3 mm beam size and a wavelength of 0.82657 A
(8.2657 x 1072 m). MarCCD detector (Rayonix, L.L.C., USA) was
used to collect the data at an exposure rate of 30 s. To minimize
the influence of diffraction from the silicon substrate, the library
was scanned with a small grazing incidence angle of 1°-2°. The
grazing incidence geometry resulted in an approximate 3 mm
probe footprint on the library. An automated algorithm was used
to measure the entire library with a step size of 4.5 mm.

For data analysis, the geometric parameters of the 2D detector,
such as the direct beam position, tilting, rotation, and sample-to-
detector distance, were extracted from a measuring-standard
LaBg powder pattern. These parameters were used to transform
the initial raw images that were acquired as a function of Q and
x in the diffraction coordinate into one-dimensional (1D) diffrac-
tion patterns by integrating and normalizing over the y angle.
The Bragg angle (20) is related to the scattering vector (Q) by the
relationship Q = 4xmxsin(0)/4, with wavelength (1) helping to
generate a more traditional 1D spectrum (intensity vs 20).

2.4. Characterization of transformation temperature

Film resistance as a function of temperature, R(T), was measured
to determine the transformation temperature, as crystal structure
changes correspond with measurable electrical and magnetic
changes. Resistance was measured using a four-point probe method
described by Van der Pauw in a custom-built high-throughput test
stand with an automated platform of five sets of four-point probes
[22,23]. The spacing between the probe tips was 500 pm and the
test stand was enclosed in a box purged with nitrogen (N,) gas.
Measurements were performed between —40 and 120 °C with a
heating/cooling rate of 5 °C-min~! and 50 mA source current.

2.5. Cluster analysis of high-throughput data

An unsupervised machine learning algorithm was used as an
exploratory data analysis tool as well as a phase mapping tool.
Hierarchical cluster analysis was performed using the Pearson cor-
relation coefficient model with criteria for similarity and dissimi-
larity between input data, such that data grouped into a cluster
shared similar characteristics in comparison with data in other
clusters [24]. For two spectra x and y having the means x and y
the Pearson correlation coefficient (PCC) clustering model is
defined as [25]

S (=X —Y)
1
[ (= X" 0~ 9
It was applied to the diffraction patterns using CombiView

(Anritsu, Japan), which is a MATLAB-supported data visualization
platform developed by the Takeuchi group.

Cy =

3. Results and discussions

In this work, we investigated the influence of composition on
the structure and transformation property of quaternary
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[Nize—Tisz—Cu12](100-x)Vx alloys in thin-film form. High-throughput
characterization of the composition and crystal structure was per-
formed using wavelength dispersive spectroscopy and synchrotron
X-ray diffraction, respectively. Transformation behavior was
characterized using resistance measurements as a function of
temperature. Machine learning using a MATLAB-based visualiza-
tion platform CombiView developed in-house was used to sort
compositions by diffraction patterns, and therefore structures,
into clusters in order to rapidly identify constituent phases and
determine phase boundaries.

3.1. Chemical composition

Automated WDS measurements were carried out on all 177 sam-
ples in the materials library. Fig. 1 shows the composition variation
across the wafer, with atomic percent ranges for the four elements as
follows: Ni from 21.3 at% to 58.3 at%; Ti from 23.3 at% to 57.5 at%;
copper (Cu) from 12.9 at% to 24.9 at%; and vanadium (V) from
2.9 at% to 6.2 at%. The targeted composition Tig; gNiz75CU160Vae
was obtained in the center. Distribution of the elements corresponds
with the elemental target gun positions inside the sputtering
chamber.

c(Ni) (at%)

58.3 57.5
50.9 . 50.7
. e
s 43.5 43 43.8
8 88 70
4 36.1 e X
* [ ]
H 28.7 . 30.1
21.3 233

(a) (b)

c(Ti) (at%)

3.2. Transformation temperature determination from temperature-
dependent resistance measurements

The property of interest for this library was SME determined
from phase transformation curves. These were obtained by carry-
ing out temperature-dependent resistance measurements. Phase
transformation temperatures of austenitic finish (A¢), and marten-
sitic start (M) were determined using the tangent method [21].
Phase transformation activity for each composition as a function
of wafer position in the thin-film library is shown in Fig. 2(a).
Regions of transformation indicated by curves shaped as variations
of “U” and “2” were observed to be limited to the right side of the
wafer. The left-half portion can be divided into two main regions:
The first region encompassed many compositions in the center of
the wafer with non-transforming, linear behavior; the second
region was limited to compositions in the far left showing non-
transforming and nonlinear behavior without clear curves. Posi-
tions and compositions clustered by SME activity are shown in
Figs. 2(b) and (c), respectively, where there are reversible phase
transformations with nonlinear R(T) curves (yellow, teal, pink),
non-transforming regions with linear curves in blue, and nonlinear
curves in green and red. Phase transformation parameters of

c(Cu) (at%) (V) (at%)

249
-4 6.16
22.5 5.51

20.1 485

17.7 4 4.20

(334
15.3 sssss 3.54
I12.9 2.89

Fig. 1. Elemental distribution of (a) Ni, (b) Ti, (c) Cu, and (d) V on a 3 in Si wafer. The color scale for each element indicates composition in atomic percent from high to low
indicated by the progression from red to blue. The wafer was oriented with the long flat edge at the bottom.
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Fig. 2. (a) Temperature-dependent resistance R(T) curves for [Niz-Tis2—Cui2](100-x)Vx showing regions of transformation. Reversible transformation is observed on the right
portion of the wafer as indicated by broad “U”- and “2"-shaped curves. Heating and cooling curves are indicated by red and blue colors, respectively. (b) Grouping by SME
activity of wafer positions and (c) compositions projected on a ternary Cu-Ni-Ti plot, where V is between 2.9 at% and 6.2 at%.
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thermal hysteresis (AT = Af — M), austenitic finish (A¢), and marten-
sitic start (M) temperatures are shown in Fig. 3. All compositions
with phase transformation behavior are listed in Table 1. SME
was observed in 32 compositions, with five compositions having
zero or near-zero thermal hysteresis and one composition having
a maximum AT of 17.2 °C. The elemental range for compositions
having SME was observed as follows: ¢(Ti) = 49.4 at% to 57.5 at%;
c(Ni) = 21.3 at% to 30.9 at%; c(Cu) = 13.8 at% to 21.6 at%; and
(V) =4.1 at% to 6.2 at%. The boundaries of the temperature regime
where transformations to austenite occurred were observed to be

10 15 20 25 30 35
Cu (at%)
(a)

45 45

M, (°C)

33

10 15 20 25 30 35
Cu (at%)
(b)

45 4o

10 15 20 25 30 35
Cu (at%)
(c)

Fig. 3. Ni-Ti-Cu-V compositions having SME projected onto Cu-Ni-Ti ternary plots
with the atomic concentration of V held constant between 2.9 at% and 6.2 at%.
Phase transformation parameters of (a) austenitic finish (Af) temperature,
(b) martensitic start (Ms) temperature, and (c) thermal hysteresis AT = A — M.
Color scale bars from blue to red indicate high to low temperatures.

centered around 13 °C to 29 °C while the martensitic start temper-
ature was slightly reduced between 10 °C and 20 °C. Thermal hys-
teresis of < 4 °C was observed in 19 compositions.

3.3. Crystal structure and phase identification

The data visualization platform CombiView allows the linking
of the sample position on the wafer with its corresponding compo-
sition and diffraction pattern. The structural phase diagram was
determined through a hierarchical cluster analysis of the diffrac-
tion patterns, as shown in Fig. 4. A Pearson correlation coefficient
cluster analysis resulted in six clusters for the Ni-Ti—-Cu-V materi-
als library. Table 2 lists the crystal structure and space group of the
phases found in the library. For non-transforming compositions,
both linear and nonlinear R(T) curves were observed, which were
attributed to double-phase and low-symmetry crystal structures.
The default structure type is a cubic phase, unless specified other-
wise under prototype.

3.4. Assessment of the thin-film phase diagram

Results for the transformation properties and phases identified
in the present study are listed in Table 1 and Table 2, respectively.
Martensitic phase transformation determined from resistance
measurement shows that the shape memory effect is limited to
the Ti-rich region. SME variation changes with Ni and V content
such that SME is observed to be between 21.3 at% and 33.4 at%
Ni and between 4.0 at% and 6.2 at% V, respectively. This is in agree-
ment with values reported in bulk by Frenzel et al. [9] and Schmidt
et al. [26].

Clustering diffraction patterns using the Pearson correlation
coefficient model match the grouping of compositions based on
the shape memory behavior. Cubic NiTi with a mixture of cubic

Table 1
Thermal hysteresis, austenitic finish, and martensitic start temperatures for quater-
nary-Ni-Ti-Cu-V SMAs by ascending Ti content.

o(Ti)(at%) c(Ni)(at%) c(Cu)(at¥) co(V)(at%) Ar(°C) Ms(°C) AT (°C)
494 30.9 155 42 250 240 1.0
50.0 29.7 143 6.0 228 160 6.8
50.6 29.4 142 5.8 300 175 125
51.0 28.9 144 5.7 265 152 113
512 22.6 216 45 144 120 24
51.7 28.9 14.0 54 240 180 6.0
517 28.0 15.1 52 307 204 103
52.0 273 146 6.2 456 435 2.1
52.0 285 14.1 5.4 306 217 8.9
52.1 28.9 15.0 41 400 380 20
524 23.1 19.7 48 212 152 6.0
525 273 145 5.7 288 164 124
525 26.7 15.1 58 180 140 40
529 263 153 55 268 240 28
53.0 242 17.8 5.0 344 248 96
533 258 147 6.1 429 419 1.0
536 25.0 163 5.1 212 144 6.8
53.7 258 152 53 352 180 172
542 215 195 49 136 100 36
542 22.1 18.6 5.1 148 140 08
543 25.2 144 6.1 160  16.0 0
543 26.4 13.8 55 196 17.6 20
555 228 165 5.2 132 128 04
555 2438 13.8 59 205 172 123
555 235 156 54 52 36 16
55.7 23.9 14.8 5.6 120 100 2.0
55.8 247 139 5.7 11.6 96 2.0
56.7 228 14.4 6.0 212 104 108
57.1 225 14.6 58 16 12 04
57.1 213 165 5.1 6.4 48 16
575 22.0 14.8 57 6.0 6.0 0
575 215 157 53 44 24 2.0
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Fig. 4. Hierarchical cluster analysis of diffraction patterns for a quaternary thin-film library covering the range [Niszg-Tis2—Cui2](100-xVx- The MATLAB-based data
visualization platform CombiView allows linking of the sample position on the wafer with its composition and diffraction pattern, which is used to perform hierarchical
cluster analysis to create a structural phase diagram. (a) 177 diffraction patterns with an x-axis of 20 between 22° and 100°; (b) pearson correlation coefficient cluster analysis
model showing grouping of XRD patterns based on similarities in peak positions; (¢) composition space covered in this study as projected on a ternary plot of Cu-Ni-Ti with
constant V identifying structural phase boundaries as delineated from hierarchical clustering shown in (b); (d) grouping by position on wafer (long flat edge at bottom).

Table 2

Overview of crystal structures identified in the Ni-Ti-Cu-V materials library.
Formula Space group  Space group number  Prototype
NiTi Pm-3m 221 (Tio.6aZro:36) Ni
TiNiggCug 2 P2,/m 11 Monoclinic
CuNi i I4/mmm 139 Tetragonal
Nig25Cug 75 Im3m 229
TizCo.06 P63/mmc 194 Hexagonal
(Cug,03Nigg7)3Ti P63/mmc 194
Ti(Niz79Cug21) R-3m 166 Rhombo. H. axes
TiNipgCug Pmam 51 Orthorhombic
Ti(Cupos3Nigoa7)3s  P63/mmc 194
(Tio.67V0.33)Ni3 P65/mmc 194
Ti Ni, Cu Pmmn 59

Nigos5 Cug7s and tetragonal CuNiTi phases were found in Ti-rich
regions with the highest V content. The increased replacement of
Ni by V was observed to stabilize the transformable cubic and
tetragonal martensite variants (Fig. 5). A mix of cubic crystal struc-
ture having a prototype formula (Tipg4Zro36)Ni and hexagonal
Ti(Cug 053Nigg47)3 made up the majority of the composition space
covered in this materials library having no transformation. For
Ni-rich regions, orthorhombic phases of TiNi,Cu/TiNig gCug, mixed
with hexagonal (Tige7Vo.33)Ni3 were identified as Ni content was
reduced.

The addition of Cu to binary NiTi such that Cu replaces Ni has
been shown to decrease the misfit between austenite and marten-
sitic lattices. This translates to a slight decrease in M, and reduced
width of the thermal hysteresis, which, when combined, improves
fatigue properties. The influence of the addition of V as a ternary
element to NiTi was reported by Frenzel et al. [9], who demon-
strated a reduction in M. In addition, the mechanical behavior
was stabilized so that a small residual strain was maintained, com-
pared with binary NiTi. Ni-Ti-Cu-V has been demonstrated for
application as an elastocaloric material that is able to fulfill the
potential of using NisTis725CusV, 75 in ribbon form [26] and
NisoTigs3V47 in a square prismatic form [27]. The identification
of new compositions with reduced thermal hysteresis is a starting
point for scale-up experiments to determine their long-term
robustness through mechanical testing.

3.5. Effect of temperature cycling on film resistance

Thermal stability over many cycles is an important considera-
tion in the optimization of heat transfer and the determination of
functional fatigue, specifically, when using SMAs for elastocaloric
cooling [28]. Film sheet resistance at room temperature (Fig. 6(a))
was measured prior to cycling the library between —40 and
120 °C for temperature-dependent resistance measurements. The
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Fig. 5. Selected diffraction patterns representing the six clusters identified by the Pearson correlation coefficient clustering model. Substitution of Ni by V increases with
distance from the abscissa, reflecting a shift in the non-transforming orthorhombic and hexagonal phase mixture to transformable cubic and tetragonal crystal structures.
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Fig. 6. Thin-film sheet resistance at room temperature (a) before and (b) after 84 temperature cycles between —40 and 120 °C. Post-cycling resistance was mapped using the
same scale as pre-cycling; values outside of this range are indicated by colorless boxes. (c¢) Difference in resistance from (a) and (b). The color scale from red to blue indicates
high to low values, respectively. The wafer was oriented with the long flat edge at the bottom.

effect of temperature cycling on film resistance was evaluated since
the library was subjected to 84 temperature cycles, and is shown in
Fig. 6(b) with the difference mapped in Fig. 6(c). While the SME was
stable, as determined from the observation of transformation in
Fig. 2, an overall reduction in sheet resistance was observed. XRD
measurements collected post-thermal cycling show little to no
change in diffraction patterns, thereby suggesting good structural
stability (data not shown).

4. Conclusions

In this work, we report on the combinatorial thin-film synthesis
and high-throughput characterization of a quaternary alloy. We
provide an overview of the dependence of material properties on
composition and structure through composition-structure—
property maps. The Ni-Ti-Cu-V materials library we synthesized
spans a composition region that has shape memory behavior. A
strong correlation can be made between the microstructure and
phase transformation property and, hence, composition. SMA

effect is prominent in the Ti-rich region, with a significant number
of compositions having near-zero thermal hysteresis. Increasing
addition of V was observed to stabilize the mixture of cubic and
tetragonal phases identified in compositions exhibiting SMA
behavior. For non-transforming compositions, both linear and
nonlinear R(T) curves were observed, which were attributed to
double-phase and low-symmetry crystal structures. SME and
thermal hysteresis were stable over close to a hundred cycles. This
work explored and validated the use of V as a fourth element in
fine-tuning the operating temperature of a Ni-Ti-Cu ternary alloy
in the ambient temperature regime for elastocaloric cooling
applications. Work remains to be undertaken to understand
the limits of V addition on the enhancement of efficiency and
functional stability of the elastocaloric effect in NiTi alloys.
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ABSTRACT

The last few decades have seen rapid development in computational and theoretical tools for simulating, fabricating, and characterizing
material systems. In this report, the potential of surface characterization by x-ray photoelectron spectroscopy (XPS) to provide rapid
elemental and chemical state information is presented. The development of the group analysis array functionality is significant for
facilitating processing and display of large datasets in the application of XPS analysis to combinatorial materials discovery. We demonstrate
that group array analysis provides a more detailed understanding of the chemical distribution across a Ni-Ti-Co combinatorial thin-film

materials library.
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I. INTRODUCTION

Surface characterization of film depositions is often performed
by analyzing only a limited number of points, with the results
assumed to be representative of deposited chemistry. In analyzing
data and displaying results, the analyst is often limited to calculat-
ing data from the selected points and generating a table with some
measure of statistical comparison. Compositional mapping is
central to obtaining a comprehensive picture of material systems
and mapping active chemical properties such as oxidation state and
alloying as a function of composition. This is an integral part of
understanding the underlying physical and chemical properties of
the material. The development of software to handle large matrices
of analysis locations, coupled with group analysis of the results,
offers a more comprehensive approach to determine the homoge-
neity of deposition and identify regions of differing composition
and, thus, material properties.

The combinatorial approach involves concurrent synthesis of
a large number of samples, called a materials library, that is, rapidly
characterized using high-throughput techniques.' It has been
widely used to discover new material phases for many years now,
allowing rapid exploration of compositional and structural proper-
ties in complex material systems.”” Examples of some materials

include thermally stable perovskite solar cells, room temperature
ferromagnetic semiconductors, and fatigue-resistant shape memory
alloys. Here, the traditional approach of combinatorial techniques
to explore several model systems using x-ray photoelectron spectro-
scopy (XPS) is coupled with the group analysis array functionality
to paint a comprehensive picture of the surface structure of the
deposition results. Previous studies have applied XPS with combi-
natorial methods for polymer array material discoveries.'™'" These
studies look at discrete blends of known polymers, copolymers, and
treatments; however, here, we are creating a continuous distribution
analysis. The method here could, in fact, be used for any type of
material to analyze distributions and interesting chemistries.
NiTiNOL is a well-known and commercialized shape memory
effect (SME) material. It undergoes martensitic transformation that
lends it two properties—SME and super-elasticity that is the ability
to return to its processed shape, thus earning the name shape
memory alloy (SMA)."” The transformation is highly sensitive to
composition such that small deviations from the equiatomic config-
uration yield no SME."” Nonetheless, efforts have been made to
tune properties such as the temperature for onset of transforma-
tion, fatigue, and thermal hysteresis by adding a third and fourth
element to improve overall efficiency of the material in specific
applications.” ”'*~'” This quickly becomes a challenge for large
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data generation but one that is relatively easily addressed by combi-
natorial material science in using high-throughput characterization
methods. In this report, we investigate the ternary Ni-Ti-Co SMA
system where the addition of Co to Ni-Ti is known to reduce the
transition start temperature and transformation temperature range
that are important parameters for medical and ambient tempera-
ture applications.'”'”™*> As such, the aim was to explore an
expanded composition region for the system by incorporating up
to 30% Co as a ternary element.

Il. EXPERIMENT

A Ni-Ti-Co ternary composition spread between 150 and
250 nm thick was deposited on a 3 in. (76.2 mm) Si wafer (thickness
400 um, IWS) in vacuum (base pressure: 10~ Torr or 6.6 x 107> Pa,
deposition pressure: 5x 107> Torr or 0.67Pa) by magnetron
co-sputtering of high purity Ni, Ti, and Co targets (99.98%, 38.1 mm
diameter; Lesker) at room temperature. The thin film library was
deposited over a period of 51 min using a DC power source (Seren
IPS) for Ni and Ti sputtered at 50 and 100 W, respectively, and an
RF power source (Advance Energy) of 18 W for Co. Substrate was
water cooled to avoid crystallization during sputter deposition and to
maintain low temperatures. Figure 1(a) shows the geometrical
arrangement of the targets inside the sputter chamber relative to the
wafer and the setup is shown in Fig. S1.”> The resulting thin film
was annealed in argon (Ar) (99.997%, Airgas) without atmospheric
exposure at 500 °C for 1h, an important step in ensuring crystalliza-
tion and film homogeneity as recommended by Cho et al”® Total
time for film synthesis and annealing is 2h before it is ready for
characterization. An index number map for the Ni-Ti-Co thin film
library is shown in Fig. $2.”

XPS analyses were carried out with a Kratos Axis NOVA spec-
trometer using a monochromatic Al K-alpha source (30 mA, 15kV).
XPS can detect all elements except hydrogen and helium, probes the
surface of the sample to a depth of 5-7 nm, and has detection limits

(A) (B)
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ranging from 0.001 to 0.5at. % depending on the element/matrix.
The instrument work function was calibrated to give a binding
energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold, and
the spectrometer dispersion was adjusted to give a BE of 932.62 eV
for the Cu 2p3/2 line of metallic copper. The Kratos charge neutral-
izer system was used on all specimens. Survey scan analyses were
carried out with an analysis area of 300x700mm® and a pass
energy of 160 eV. High resolution analyses were carried out with an
analysis area of 300 x 700 mm” and a pass energy of 20 eV. Spectra
have been charge-corrected to the main line of the carbon 1s (adven-
titious carbon) spectrum set to 285.0 eV (operating conditions: base
pressure 4 x 107*° Torr or 5.3 x 107° Pa; operating pressure during
depth profiles 2 x 1078 Torr or 2.6 x 107° Pa).

For quantification, Shirley background subtraction removed the
contribution of inelastically scattered electrons. For chemical state
analysis, peaks were fitted with symmetric Gaussian-Lorentzian
components using the ESCApe data system and were quantified
using modified Wagner relative sensitivity factors (RSFs). Spatial dis-
tribution plots were performed using the ESCApe data system
whereby a series of analysis points can be created either freehand or
as a grid. The spectra were analyzed as grouped data postquantifica-
tion. A Delaunay triangulation is fitted onto acquisition locations.””
A linearly interpolated color scheme is then applied to each triangle
based on the vertex values, each of which represents an acquired
atomic concentration value.

The surface elemental distribution of the deposited system was
initially evaluated with XPS wide energy range, survey scans. Local
chemical bonding is investigated using high resolution acquisition to
identify regions of interest for additional analyses, including depth
profiling of the film to determine the layering nature of the resulting
chemical states formed during deposition. Typical acquisition times
for survey and high-resolution spectra are 1 min each and 2h for
depth profiles. Chemical composition determination from wave-
length dispersive spectroscopy, in contrast, takes 6 h in total.

FIG. 1. (a) Geometry of sputter depo-
sition targets relative to the 3-in. wafer
substrate. (b) Discrete array analysis
positions defined in the ESCApe soft-
ware. Long flat edge is positioned
facing left; sample pads are numbered
1 to 5 [see Fig. S2 (Ref. 33)] from left
to right parallel to the flat edge and
continue in the same manner in subse-
quent rows above.

e
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The group array analysis functionality of the ESCApe software
allows easy definition of an array of analysis points across the
sample. In this library, 177 discrete positions were defined as
equally spaced points (Ax, Ay =4.5 mm) across the wafer as shown
in Fig. 1(b). The positional information of each spectrum was
retained so that spectra were linked by Cartesian coordinates,
greatly easing subsequent data handling and analysis of elemental
distribution. Group analysis is used to generate an overall elemental
compositional distribution profile, and similar group analysis is
used to explore the different chemical bonding and oxidation states
on the surface of the film. A simple model is created for a represen-
tative spectrum, whereby the background contribution of inelasti-
cally scattered electrons is removed and the peak areas are
calculated. This model includes the RSFs for each given element.
The model is applied to each spectrum and fitted. A three-point
average is applied to the end point of each background to remove
noise contributions. The distribution maps are generated from
these quantifications per marker locations.

Al Ko excited 60 s survey spectra were acquired at each posi-
tion such that the entire data collection was achieved in 3h.
To facilitate data processing, the ESCApe software has an auto-
mated peak identification capability that can be extended to define
a background around the core level transition that results in a
quantified survey spectrum. This is propagated across all 177
spectra so that elemental quantification is achieved in a matter of
minutes.

25.40

<0.1

20.82

<0.1
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Where subsurface alloy composition was required, sputter pro-
files were performed using 2keV Ar" ions with a 2x2mm etch
crater. For this ion energy and crater size, an etch rate of 10 nm/min
is typical on Ta,Os. Etch time is shown for the depth profiles. The
etch cycles were repeated until a steady-state elemental composition
was measured. Depth profiling was performed using an ion gun of
45° from the surface normal; 99.999% purity Argon was used.

Ill. RESULTS AND DISCUSSION

The elemental concentrations determined from the survey
spectra were plotted as a function of position as shown in Fig. 2.
We observed the elemental concentration to vary across the surface,
with the highest concentrations for each element being adjacent to
the sputter target position shown in Fig. 1(a). Several trends are
apparent from the distribution maps. The elemental distribution of
oxygen (O) content is perfectly coincident with titanium (Ti)
which, in its free metallic state, is highly reactive (it is commonly
used as a getter pump in UHV systems). Here, a similar effect is
presumably occurring whereby free oxygen reacts with Ti to form
an oxide TiO, during the deposition process. The coverage of
carbon (C) is also nonuniform, presumably once again, showing
variations in surface free energy and, therefore, adsorption/reactiv-
ity. We discuss this more later. Because some changes were intro-
duced to the vacuum chamber prior to this particular deposition,
there was reason to believe that there may be the presence of

48.15 57.98

”‘—\"\-&,,

22.21

17.55 29.39

1.75

FIG. 2. Elemental concentrations as a function of position where the “hotter” colors indicate higher concentration in at. %.
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contaminants. As discussed later in the text, the XPS data proved
to be useful in identifying the surface contaminants.

To demonstrate the greater information that can be extracted
from the array dataset, the Ni distribution and chemistry was inves-
tigated. Figure 3(a) shows the nickel (Ni) 2ps,, region summed
from all 177 spectra with a model fit. The red component at
850.2 eV binding energy is assigned to Ni in the metallic state
alloyed with Co/Ti. The blue components are assigned to Ni** that
is most likely to be nickel hydroxide as evidenced by the distinctive
shake-up structure above the photoemission peak at 857.8 eV.”’
The model shown in Fig. 3(a) was propagated across all the spectra,
and the relative concentration of each chemical state (Ni**, Ni) was
plotted as a color map across the wafer, shown in Fig. 3(b).

To understand the subsurface alloy composition, two positions
were chosen to perform sputter depth profiles. This allowed the
determination of the alloy composition after removal of carbon
adsorbed on the surface as contamination. The profile was contin-
ued until a steady-state elemental composition was reached.
Figure 4 shows the depth profiles from two analysis positions, Nos.
76 and 218.

From the depth profiles, it was observed that the surface
adsorbed carbon, which is 35-40 relative at. % of the surface

(A) elemental Ni
distribution

861 851 841
Binding Energy (eV)
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composition, is removed after first two or three etch cycles. It is
noted that carbon is not completely removed, which prompts
further investigation described below. For the Ti rich region associ-
ated with position No. 218, there is an increase in the surface con-
centration of Ti which implies some surface segregation of Ti
during the alloying process.

To gain further insight into carbon chemistry, both across the
surface of the wafer and within the bulk of the material, a sputter
depth profile was performed at a position adjacent to No. 218
(detailed above, where surface segregation of the Ti was observed).
During the depth analysis, a high-resolution C 1s spectrum was
also acquired allowing determination of chemistry into the bulk of
the material. The depth profile for position No. 207 and high-
resolution C 1s region are displayed in Fig. 5.

The high-resolution C 1s spectra indicate that the adventitious
hydrocarbon envelope, between 285.0 and 287.5eV, is removed
after four etch cycles (data not shown). However, the carbide peak
persists into the bulk of the material (Fig. 5). Under typical high
vacuum growth conditions used in this work, several sources of C
are possible, with two perhaps most obvious choices being residual
gas molecules and target contaminants. Dissociation of residual
C=0 molecules upon contact with the surface can be expected

(B) Chemical state representation
of data

86.44

FIG. 3. (a) Elemental distribution of
3.71 the Ni and summed Ni 2ps, region
with model fit for metallic and Ni?* oxi-
dation state. (b) Relative chemical state
distributions of the two Ni chemical

96.29 states.

13.56
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based on the results of ab initio studies performed for the CO,/
TiAIN system.”® In addition, C=O can dissociate upon electron
impact in low pressure discharge (bond dissociation energy is
11.2eV) constituting an alternative source of free carbon.”
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FIG. 4. 2keV Ar" sputter depth profiles into the bulk alloy material at point Nos. 76 and 218.
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Moreover, the apparently low level of target contaminants specified
by the vendors (here <0.1%) can be misleading as light elements
like carbon are preferably sputtered along the target normal, so
their content in the film might be significantly higher than in

LLLTE

|
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Etch time (s)

287
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Binding Energy (eV)

FIG. 5. Sputter depth profile through position No. 207 with the C 1s narrow region spectra acquired during the profile.
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the target.”® Since both the background system pressure and the
target purity level used in this work are typical for industrial pro-
cessing, it is reasonable to assume that the unintentional carbide
formation reported here also takes place for other industrially
grown functional coatings with an affinity for carbon.™

Lateral distribution of the carbon species was determined by
fitting a model to the C 1s envelope for the adventitious hydrocar-
bon and the carbide species. Representative spectra for these
carbon containing species are shown in Fig. 6, along with the
lateral distribution of the carbide material across the wafer. It
should be noted that the distribution of carbide does not match
with that of overall carbon composition. The simple explanation is
that they are two different species that arise under different condi-
tions, one during deposition and film formation and the other
postatmospheric exposure. The elemental carbon distribution is
dominated by adventitious carbon.

Typical peak shape for ﬂ
adventitious carbon

300 295 290 285 280
Binding Energy (eV)

300 295 290 285 280
Binding Energy (eV)
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Further investigation of thin film chemistry was undertaken
by measuring the Ti 2p high resolution spectra using the
array acquisition method. In Fig. 7(a), representative Ti 2p
spectra from two discrete position Nos. 7 and 207 are shown.
A model was created to fit the envelope with components corre-
sponding to Ti-carbide, metallic Ti, Ti’", and Ti*" (TiO,). This
model was fitted to all 177 spectra, and the distribution of each
chemical state was plotted as a function of position, as shown
in Fig. 7(b).

It is immediately apparent that distribution of TiC concentra-
tion is coincident with carbide functionality identified in the C 1s
spectra and plotted as a function of position in Fig. 6. It is noted
that the material properties of the thin film depend on the compo-
sition, and since the initial search for viable shape memory alloy
compositions is screening rapidly through many combinatorial thin
films, it is important to know both the precise synthesis conditions

<— 2818eV

FIG. 6. High resolution C 1s spectra
from areas showing only adventitious
hydrocarbon and adventitious hydrocar-
bon with carbide. Also shown is the
carbide distribution across the wafer.

5.02

<0.1
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FIG. 7. (a) Representative Ti 2p high resolution spectra taken from position Nos. 7 and 207, respectively, with a model fitted to account for Ti chemical states. (b)

Distribution of Ti chemistry identified in (a).

for reproducibility and impact of the synthesis conditions. If the
carbide has any influence on the material properties and steps are
taken to limit carbon as a contaminant, then it is important to
understand how to modify the synthesis procedure accordingly.
Further analysis of these locations performed with x-ray diffraction
confirms the presence of carbide in the bulk lattice (Fig. $37). Of
course, we cannot categorically say there is no other carbide forma-
tion (CoC, for instance) but neither was it observed during the
spectral analysis. Indeed, it should be noted that even though the
carbide was observed before etching, the peak observed during
etching could have a contribution from the knock-on effect from
ion bombardment.

It should also be noted that during these depth profile experi-
ments, the elemental concentration of O never reached zero at. %.
This may have been caused by the presence of oxygen during the
deposition process from either minor leaks to the chamber or oil
contamination. Having established that this was a potential issue,
the chamber was deep cleaned and reconditioned to be leak free.
Thus, the XPS results were vital in establishing and mitigating the
contaminant problem.

Finally, as mentioned before, the coverage of carbon is non-
uniform presputtering. All three metals, and their oxides, are

widely used as hetero- and homogeneous catalysts. It is, therefore,
expected that the species present reflect the catalytic pathways of
the metals, and their states, on the surface. There is clearly less
carbon present on the area rich in TiO,. We assume this is due to
the photocatalytic nature of titania which has been shown previ-
ously to facilitate the oxidation of hydrocarbons into volatiles (CO,,
H,0) under both visible and UV radiation.”’ This sample was
exposed to atmosphere and ambient light and, therefore, some of
the adsorbed carbon may be removed in this manner. The ionizing
x-ray radiation may also have contributed to this process; however,
H,0 and O, would typically need to be present in abundance,
which is unlikely under UHV conditions. Ni/NiOy is also photoca-
talytically active and has been shown to promote the reductive car-
boxylation of hydrocarbons.’ The relative abundance of carbon on
the surface and the higher concentration in the cobalt-rich area
can, therefore, be assumed to relate to the reactivity of the surface
species and, thus, the nature of the reactions taking place—some
pathways create volatile CO/CO, decreasing the overall content,
while others may promote the deposition of Carbon once the
hydrocarbon has cracked. These further illustrate the importance of
deposition and analysis methods and their use in the field of cata-
lyst discovery.
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IV. SUMMARY AND CONCLUSIONS

The development of the group array analysis, acquisition, and
processing software provides much more intelligent use of large
amounts of data. This, in turn, allows greater insight into the
deposited thin film materials library and facilitates the combinato-
rial approach to material research, discovery, and development.
This work demonstrates automation of a workflow for peak identi-
fication, background subtraction, and subsequent quantification
such that it is no longer considered a rate limiting step in working
with large amounts of data. The approach could be applied to all
samples, yielding improved statistics and understanding of elemen-
tal relationships. Finally, the suitability of XPS as a precise and fast
technique for materials’ characterization was demonstrated.
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